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I N THE past many different methods liave been employed for the direct sampling 
of alveolar air. A sound criticism of the validity of the technique has usually 
been futile since one was at loss to define or determine mean alveolar composi- 
tion. The ease with w'hich alveolar air composition can be altered by the slightest 
change in ventilation is very impressive and makes one aware of tire possibility of 
unequal ventilation in various parts of the lung and the consequential regional 
variability of gas concentration. The concept of unequal bloodflow to tire various 
alveoli has received less attention, although this factor is equally important in altering 
the gas composition. 

It is the purpose of this paper i) to define the alveolar air composition in terms 
of alveolar ventilation and puhnonar}'’ bloodflow which allow one to define a concept 
of mean alveolar gas composition; 2) to discuss a method for tlie direct sampling of 
mean alveolar air; 5) to compare this with tlie Haldane technique of sampling alveolar 
air; 4) to predict on the basis of the ventilation-bloodflow equations the effect of 
unequal ventilation and bloodflow upon the alveolar-arterial oxygen gradient. 


A Concept of Mean Alveolar Air. The alveolar air equation and the alveolar ventilation equa- 
tion have given us a theoretically precise definition of the relation of the alveolar-gas concentrations 
and the ventilation (i). When this equation is combined vdth the Fick equation, it allows one to 
express the alveolar gas concentration in terms of bloodflow and ventilation (2). 

Let 


F = bloodflow in liters/min. 

Va = alveolar ventilation in liters/min. B.T.P.S. 
(A-y)02 = arterial-venous oxygen difference in ml/1. 
Xo = oxygen intake in ml/min. S.T.P. 

Q = respiratory quotient 

pC = partial pressure of CO2 in alveolar air. 

then the bloodflow according to the equation of Fick is 
Xo=,F(A-V) 0 . 

and the alveolar ventilation according to Fenn cl at. (i) is 
VaXpC 
“ ~ . 864 Q 

Combitung the equations and eliminating Xo we have 


(t) 

(2) 


pC = ,^(A-V) 02 (.S 64 Q) 

Vn 


(5) 
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(ii.nnonnls itprcKnl %‘.irkni5 n-o-gsr. R.Q. lints nntl the dotted lints th.c ho-oxygtn content. lunch 
point on this airvc is the product of .n ccrt.sin ventiblion-Moodl;o-A-rnfio, V.o/F, v.-hich sitnuUar.cousiy 
detcanincs the rcspsnuorj’ quotient, Q, nt which the blood nnd .-ilveoii arc exchanging. 


tensions of the mixed venous blood, V, is Jihewiw located on the diagram. A sinsightedge connect- 
ing the venous Oj nnd COj lcn.sioT>.s of V on the blwi nomogram is then pivoted on its fjoint of inter- 
section witis n chosen hlood R.Q. point unfii the pCOr and pOj values cornrspond to :dcntic.al x-aiucs 
on the diagon-al of figure x rcprc-senUng the same R.Q. At these tension.s only, cm blood and 
alveolar gtiscs exchange at the. .same R.Q. Similar points can be found for x-arious other R.Q.'-S 
which vdcld a ctirvc (fig. x) denoting all the jmssiWe combinaUons of CO3 nnd Oj tensions xvhich could 
exist under these conditions. Since the original development of this procedure (3) Riicy (3) has 
(personal communication) proposed quite independently a similar solution. Essentially, he plots 
all Uie possible (>> and CO; tcnsion.s for a given blood R.Q. coming from a gixxn venous point and 
shmvs where they intersect tlic gas R.Q. line. This procedure has much merit for it affords a more 
graphic visualization of blood and gas cxch.angc on the Oj-COj diagram. 

' It follows from the equation that any point along this curve is the result of a particular alveolar 
ventilation to bloodflow ratio, ^’'a/F. To determine this rario from cgiiclwn 3 the (A-V) oxygen 
difference must be known in addiU'on to tlic pCO; and Q. Tliis can be obtained from tlic isoplctlis 
of arterial O3 content that have been added to the figure i. Thus, between the venous point, V, 
'here tlic ventilation is o, and the other end of the curx’c I, where the bloodflow is o, an infinite 
"umber of Va/F ratios can theoretically c.xist in the various alveoli. In the alx-colt where normally 
i*hc"maxiinaU.xchangc occurs, at an R.Q. of .8, the Va/F ratio in this particular e.xample is i.o. 


\ 
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We have now defined for this specific example all the possible simultaneous O2 and COz tensions 
which could exist in anj’’ part of tlie lung as well as in the pulmonary capillary blood if we assume 
that the terminal diffusion gradient across the alveolar membrane is for practical purposes neghgible. 
The next object is to determine the mean alveolar gas concentration. This is. done easily, if the R.Q. 
is known. Thus, if we choose in our example an R.Q. of .8 then the intersection of this gas R.Q. 
line with the curve of figure i determmes the only point at which blood can exchange at this par- 
ticular R.Q. Tills is at a pCOj and pOa of 40 and 100 mm. Hg respectivelj^ and assumes that all 
blood in all the alveoli is exchanging at this particular R.Q. Of course, it is very probable tliat this 
is not normally the case and that alveoli exchange individually at various R.Q.’s and that only the 
mean of all of them result in an R.Q. of .8. As will be discussed below, a normally distributed popu- 
lation of Va/F values will not appreciably affect the predicted alveolar value, but only change the 
arterial pOj. 

The validity of the theoretical alveolar air curve (fig. i) should be experimentally demonstrable 
if one could alter the Va/F ratio without changing the steadj' state and the venous tension, V. 
The closest approach to such a test can be accomplished by analj’sis of the alveolar air composition 
after breath holding and hyperventilation when this is done at various intervals up to one circulation 
time (so sec.). It might be assumed that the venous tension will remain constant during this period. 
Such experiments have been previously described (4), and are here compared with the theoretical 
curve (fig. 2). Although a discrepanc}’’ is apparent, probably due to altered CO2 output, cardiac 
output and partial recirculation, a general agreement is rather striking and lends support to tlie 
theoretical conclusions regarding the possible combinations of CO2 and O2 which could exist simul- 
• taneously in the alveoli. It has alwa3'S been an impressive fact that the simultaneous gas tensions 
could be altered only along a verj’’ narrow and predictable pathway no matter by what method 
the steady state was altered (5). 

Sampling of Mean Alveolar Air. It has been sliovvn above that tJie mean 
alveolar air can be theoretically defined provided 3 facts are known: i) the venous 
gas tensions, 2) the inspired gas tensions and j) tlie R.Q. (It also presupposes that 
there exists no terminal alveolar membrane gradient.) The question now arises 
how close these values for tlie theoretical mean alveolar air can be approached by 
direct methods which do not involve the sampling of mixed venous blood. 

Riley et al. (6) have approached this problem by collecting and analyzing the 
arterial blood for the CO2 tension. Since such a sample represents a mixture of 
practically all the blood that has passed through the pulmonary capillaries, it must 
represent the mean arterial pCOa tension and is for all practical purposes in equilib- 
rium with the alveolar pCOs • (It can be shown that a considerable venous admix- 
ture has a negligible effect upon the mean arterial pCOo tension. Furthermore, i^is 
shown below that a normal probability distribution of Va/F among the alvedfiy.;^ 
likewise has a negligible effect.) 

On the basis of the theoretical discussion above, this mean arterial PCO2 value 
should be identical with &.e mean alveolar CO2 tension. (This theoretical mean 
tension has been designated as ‘ideal’ tension by Riley (3)). Thus, substituting 
mean alveolar CO2 for mean arterial pC02 and determining the respiratoiy quotient 
from the expired air, Riley is able to calculate the mean alveolar pOs from the alveolar 
air equation. This method is theoretically entirely sound for obtaining the mean 
alveolar composition but offers practical difficulties since it requires an arterial 
puncture and considerable skill in the determination of arterial pC02. Furthermore, 
an}’’ single determination of arterial pC02 by the method of Riley et al. (6) can only be 
read with an accuracy of 3 mm. pC02. 
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On the other liand, methods of obtaininf;: alveolar air directly offer many prac- 
t ical advantages and it is our purpose to ascertain hove tdoscly t liesc methofls approach 
tlic theoretical concept of mean alveolar air. In the past there have been en'“entiaUy 
2 methods of sampling alveolar air. In the original method (Haldane) all the ex- 
piratoty reserve was forced out of the lung and the Inst part analyaerl, while others 
have sampled from the last jvart of each nonual tidal volume, 'fhese 3 methods do 
not yield identierd results and the difTerence can jvrobably be best appreciate'! ivhcn 
tlie time course of CO; concentration i.s recorded for each individual breath on a 
fast infrared COj anaiyaer recently described by Fowler (7) from this laboratory 
(fig. 3). It can be seen that after the dcadspacc i.s washed out with a normal tidal 
expiration, the CO; concentration rises quickly and tends to plateau off. Witli a 
forced CKjiiralion (Haldane), however, tiic alveolar CO; keeps on rising. This curve 
is typical of .some 15 healthy individuals who hav’c been reco.’-ded by this method. 


He. 3. TnroKrnavt Atvxo- 
lAP. MK covirofir.o:' cvr,vr, (rotld 
line) co.Tpa.'-cd vvitSi dircc'.lv ot>. 
t.aincd rsvmplf'. n.ne) vvbcn 

the V.n /F ratio of the normal alveo- 
lar .air (open circle) ia .altered by 
breath holding or hypcrveatilalioa. 
(f.cc teat). 


With the Haldane technique part ‘X’ is sampled. In a method described by us 
recently (5, 8), pnrl ‘X' is .sampled. In this e.vample the CO; difference between these 
2 points is approximately 3 ram. Hg. 

Sampling the last part of each normal tidal has several advantages, for it aver- 
ages the last lo-rs cc. of each tidal volume expired during normal breathing and, 
furthermore, it does not require trained subjects for delivering a properly timed, 
forced expiration. In addition to the automatic sampling the continuous analysis 
is extremely convenient. In order to determine the reliability of these samples as 
representing mean alveolar air, tests were performed comparing the alveolar pCO; 
with the arterial pCO;. 

The CO; comparisons were carried out by Miss Suskind in this laboratory (un- 
published). ^V}rile the alveolar air was analyzed continuously by tlie metliod re- 
ferred to above, blood samples were taken from tlie radial artery in the human 
subjects and the femoral artery in the dogs. This approach allowed for simultaneous 
sampling of these 2 components. Nine experiments were carried out on man and 
go done on dogs under nembutal or pentothal narcosis. The mean difference 
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for all experiments between the alveolar pC02 and the arterial pCOj was 0.78 mm, 
Hg, standard error of the mean 0.58. (In our hands we find that on the average 
the PCO2 determination of the blood differs from the equilibrating test gas mixture 
by less than .3 mm. Hg with a standard deviation of 2.5.) These observations would 
suggest that the alveolar PCO2 obtained by this method of sampling from the last 
fraction of each tidal volume is in very close agreement with the arterial pC02. 
Therefore, this value, as pointed out above, represents the mean alveolar pC02 
unless an appreciable terminal membrane gradient exists, which is unlikely (6). 

In the continuous method of alveolar air analysis the p02 is simultaneously 
analyzed and must, therefore, represent the mean alveolar p02 provided that tlie 
alveolar air R.Q. is identical to the expired air R.Q., the latter representing the 
classical standard. 

To test the possible discrepancy between these, the alveolar R.Q. was deter- 
mined by continuous alveolar air 'analysis and compared with R.Q. values from the 

V X 

Fig. .3. Instantaneous CO2 

CONCENTRATION recorded by an in- 
frared analyzer during a normal 
expiration and a forced expiration. 

The simultaneous expiratory ve- 
locities are recorded below. The 
inspiratory velocity curve is not 
shown. X and Y denote the part 
of the alveolar air sampled by the 
Haldane technique and the contin- 
uous technique, respectively. 


collected expired air. The expired air was analyzed by the same automatic meters 
as well as by Haldane gas analyses in 27 experiments on 7 different subjects. The 
average values are presented in table, r A and show no significant difference between 
the expired air and the simultaneous alveolar air R.Q. These results would suggest 
that this method of sampling yields an R.Q. which is in agreement With expired air 
R.Q. values. Thus, we may draw the conclusion that the alveolar air sampled 
continuously from the end of normal tidal expirations, yields a value which must be 
very close to the theoretical mean alveolar p02 and pC02. 

The other method (Haldane) for sampling alveolar air must also be discussed. 
This method analyzes the last part of the forced expiration. When this method is 
compared with samples taken by the previous method (8) one finds on the average a 
2 mm. higher CO2 and a 5 ram, lower p02 for the Haldane technique. This is not 
surprising when we look at figure, 2 and also consider that this forced expiration 
usually lasts 2-3 seconds beyond the time taken for a normal expiration (end-expira- 
tory sample). Similar differences were obtained by Riley ci al. (6) who compared 
the alveolar CO2 obtained by the Haldane technique (end-inspiratory samples) 
with the arterial pCOj. They observed on the average a 4.4 mm, Hg higher value in 
the alveolar sample taken at rest. 





It piuHikl he j)0!ntcci out ihal the subjective impression of the time it to 
expire completely may he quite misleading, unless a simuItaneouB air velocity record 
is obtained. It is during (he Iasi phase of expiration that the CO; in many subject" 
rises rather steeply due to the .smaller lung volume which is still e.vchanging with 
the blood. Aclimlly, tc.sf.s have .shown (unpuhh'shed) that during this prolonged 
expiration, the oxygen uptake remains norma.l, but the CO; out|JUl is reduced. 'Fhc 
net rc.sult is that not only mti.si the CO; rise above and the O; bill below tiie average- 
value existing at the end of a nonnal tidal, but the ratio bctw(x-n o.xygcn tiptake ami 
CO; oulj>ui is altered, producing an abtifjrmally low R.Q. 7 ‘he.se changes become 
exaggerated when larger intervals than 2-3 seconds arc used for (he forced expir.ition 
or whcji the breatii is held (.?). 

Table 1 B shows the alveolar R.Q. differences obtained by the 2 methods of 
.sampling. Those experiments were done on jo subjects and •were reported else- 
where (S). But in view of tlic values cited in tabic i . 1 , they assume new interest 
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since they show the Haldane method to deviate from the expired air R.Q, and by an 
average value of .03 R.Q. units. This would support the contention that a forced 
cx{iiration is actually equivalent to breath holding which brings about similar changes 
in 0 ;, CO; and R.Q. of alveolar air (4). 

The 0 ; and CO-i Dead Space. The discrepancy between the tidal air samples 
and forced e.xpiration stimplcs, furthermore, c.xplains the difference which has been 
noted by others between the dead space calculated from the o.xj'gcn values and CO; 
values. " Theoretically, it can be shown that this dead space must be the same as long 
as the R.Q. of the c.xpircd and alveolar air arc the same. TJie reason for the ob- 
served difference of a larger o.vygcn dead space is verj- probably that llie alveolar 
samples were always obtained by the Haldane tcclmique. Figure 4 shows thca\'-erage 
expired air, E, and the alveolar air, A, values obtained in 27 e.xperiments in which 
the alveolar CO;, 0 ; and R.Q. values wore 3S.1, 102 and .S29 and tlic expired CO;, 

ciCtlQSOIlCC 

O', and R.Q. were 27.8, 114 and .828 respectively. The Bohr formula, 

_ can be represented graphically in figure 4 for the 0 ; as well as the CO; 
A 

values. The ratio must be equal for both sides of the quadrangle as long as 
both A and E arc on the same diagnonal or R.Q. line. 
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If one assumes on the basis of the former experiments (6) that a Haldane sample 
had been delivered instead, the alveolar air values v/ould have been located at point 
A-i in figure 4. During the delivery of the sample, the concentration of point A 
would change and move up on tlie breath holding curve, B.H. (4). 

The actual values cited above yield with the average tidal volume of 64S cc. 
(B.T.P.S.) an O2 and CO2 deadspace of 176 cc. If we subtract a 35 cc, apparatus 
deadspace from this figure, we obtain a personal deadspace (breathing through the 
nose) of 140 cc. Had Haldane samples been used instead, the personal deadspace 



Fig, 4. A AND E REPRESENT the average alveolar and expired gas concentrations •which fall upon 
the same R.Q, diagonal. The relative dead space to tidal volume ratio is shown graphicaly for O2 
and CO2 and are the same as long as the R.Q. for E and A are the same. Point A-i represeints the 
alveolar value -which would have resulted if the sample had been delivered from a forced expiration 
instead of from the end of a normal tidal expiration. The broken curve, B.H., describes the alveolar 
air changes when the breath is held at A (see text). 

would have been 164 cc. for CO2 and 188 cc. for O2. On tlie basis of the foregoing 
discussion it would appear that the deadspace values derived from Haldane samples 
are probably too large, particularly for the O2 deadspace. 

Effect of Unequal Ventilation and Bloodflow upon the Alveolar-Arterial Gradient, 
In the foregoing discussion the concept of the theoretical mean alveolar gas concen- 
tration was based upon the assumption that all alveoli exchanged at the same R.Q. 
However, there is much evidence that ventilation is not equal in various parts of the 
lung (for a recent review see Rauwerda (9)) and Wearn et al. (10) have shown that the 
bloodflow is not constant in the alveoli. Thus, to appraise the variations in gas 
concentrations that may exist from one alveolus to the next and what effect this 
would produce upon the mean alveolar gas composition as well as upon the mean 
arterial gas tension, the variation of bloodflow and alveolar ventilation must be con- 
sidered. Since both e.xert their effect upon the gas tensions, it is convenient to con- 
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sider them simuHaiieousI}’' and to evaluate the effect of the variation of alveolar 
ventilation to bloodflow ratio, Vn/F (ii). From egualtonj we ol)tain liy rearrange' 
ment: 

Va _ . 864 Q(A-\ 00 ^ 

F ■' pC 

If we return to our original conditions of our example, figure i, with a R.Q. equal 
to .8 then the mean alveolar pOj and jrCO; must be loo and 40 mm. Fig respectively, 
provided all the blood in all the alveoli is exchanging at this R.Q, I'urthcrmore, 
these particular tensions arc brought about by a \%a/F ratio of 1.0, 

Theoretically other Va/ 1 ' ratios can occur ranging from o at the venom point 
to a at the inspired gas tension. Therefore, we may assume that the distribution of 

Taiiix 2 
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the mean (B) {see text) 
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the pulmonary bloodflow, F, as well as the ventilation, Va, among the various alveoli 
is normal along a logarithmic scale." The distribution of the ratio Va/F will then 
also be normal along a logarithmic scale. Returning to our c.\-araple, we can say 
that not all alveoli have a Va/F of i.o but that some have a larger and others a 
smaller ratio distributed along a normal logarithmic distribution curve witli the mean 
of the log I.O. A standard deviation equal to the log 1.3 is arbitrarily cliosen. 

Table 2 A lists the various Va/F ratios and R.Q.’s which then will be found at 
I, 2, and 3 standard deviations from the mean Va/F of 1.0 and figure 5 shows how 
this distribution affects the O2 and CO2 content of the arterial blood and tlie pO; 
and pCOa of the alveolar air. The 'resulting mixtures wliich would result for each of 
the 4 entities are calculated (the sum of the values of eacli class inten'al multiplied 
b}-: the frequenc3^ of its occurrence) and listed in table 2 iJ to be compared with the 
theoretical mean value which would be obtained if no variation of Va/F had oc- 

* Among the various kinds of distribution curves, this is probably the simplest form which 
could be assumed for the distribution of a ratio. 
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curred as originally assumed. It can be seen that from a practical standpoint none 
of the resulting mixtures differ from the theoretical mean with the exception of the 
O2 content. Here we find that the arterialized blood leaving the lung capillaries 
has an O2 content o.i volume per cent lower than if all the exchange had gone on at a 
Va/F of i.o. The arterial blood leaving the capillaries is, therefore, represented by 
the open circle (fig. 5) and it can be seen that this is at an oxygen tension 8 mm. Hg 
lower than the mean alveolar O2 tension. (Although the CO2 content of the mixture 
also differs from the theoretical value by the same amount as the O2 content, it affects 
the arterial pC02 b}'^ less than 0.2 mm. Hg.) It should be pointed out that the 



Fig. 5. Distribution of the pulmonary blood gas values and alveolar gas values when a 
normal logarithmic distribution of Va/F is assumed around the mean value (solid circle). The 
resulting average mixture of the arterial blood will be altered only in respect to the oxygen content 
and arterial pOi (open circle). The resulting average mixture of alveolar gases remains essentially 
unchanged. Thus, the distribution of Va/F induces an alveolar-arterial p02 gradient of 8 mm. Hg 
(see text). 


mixed alveolar air as well as the mixed arterial blood points (table 2, B) no longer lie 
precisely on the blood R.Q. or gas R.Q. line of .8. This would suggest that the Va/F 
ratios are not symmetrically, but imequally distributed in such a manner that the 
mixed values still maintain an R.Q. of .8. However, the above example is a first 
approximation and the discrepancy in this case may be considered negligible, 

AVhen, under othemdse identical conditions, various other venous points are 
chosen, the pOo gradient is not appreciably altered. This means that a large or a 
small (A-V)Oa difference does not affect this gradient. On die other hand, if a 
larger deviation of Va/F than log. 1.3 is assumed, the p02 gradient can become 
appreciably larger. This may explain the greater alveolar-arterial oxygen gradient 
observed during exercise by Riley el al. (6). It should also be pointed out that an 
unequal distribution of Ya/B ratios will result in increased O2 gradients, particularly 
if a preponderance of alveoli have a Va/F ratio which is smaller than the theoretical 
mean. 
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As discussed before, the standard deviation of tins r.itio ’.vas quire .-iriiitaflly 
chosen and at jM-cseiU there is no way to ascertain the nragnitndc of tiii - deviatiori 
nor vdicther the distribution of Ibis Va/F nitio is distributed symctricaiiy or asyrnet- 
rically. On the oilier hand, with the above assumption we can say that in tlie nor- 
mal lung this deviation is no greater than the one we assumed because is'.e cradient 
of S mm. pOz obtained is of the same order of magnitude as that observui for fisc 
total gradient normally occurring (6). 'J'his gradient has so far been iargely :utrib- 
uted to venous admixture arising from direct venous .shunts, 'riiebcsian .ind bron- 
chial veins. 


SUMMAUY 


An equation is derived wliich expresses the alveolar g.as concentration in tenns 
of. the relative alveolar ventilation and pulmonary bloorlilow. A gf.-ipiiical solution 
of this relationship is given which dcscrilics all the sinrultancous O,- and CO. con- 
centrations whidi could theoretically exist for given mbeed venous ami inspired air 
tensions of these gases. Kach of the possible alveolar air value.s, and Uicrcforc c.ach 
R.Q., is determined by a definite ventilation to bloodtlow ratio. If the R.Q. is knov/n, 
llic theoretical metui alveolar air composition can be defined by this equ.'Uion. 

This thcorcticjil concept of mean alveolar air presupposes that the ventilation 
to bloodfiow ratio is the same in all the alveoli. Since this is unlikely, .a variation of 
this ratio along a normal distribution curve is assumed. The mc.m .tlveolar .air 
mixture resulting from such a distribution docs not differ aj,>preciabh' from the 
theoretical mean. The resulting arterial blood mixture, however, yields a lower pO; 
tension, thus giving rise to an alvcol.ar-.arterial oxygen gradient. 

Evidence is presented which indicates that the sampling of alveolar air from 
the last part of each normal cxq^iralion yields a value which is very close to the 
theoretical mean alveolar air composition, while the Haldane method of sampling 
yields CO; values which arc slightly loo high and R.Q. values which are slightly too 
low. The latter method is responsible for the diflcrencc in dead space volumes when 
they are calculated separate!}" from the O; and CO; values, 'riieoretically, tlse 
volumes should be the same if the expired air R.Q. and alveolar air R.Q. are equal. 

The author wishes to ackho\Ylcdgc the x-aluablc crilidstn and suggestions received from his 
colleagues, Drs. A. B. Otis and W. 0. Fenn, during the preparation of this manusaipt, 

REFERENCES 

1. Fenn, W. 0 ., H. Raun and A. B. Oxis. Am. J. Physiol. 146: 63;, 1946. 

2. Rakn, H. Am. J. Physiol. 155: 4621 194S. 

3. Riley, R. L. Personal communication. 

4. Otis, A. B., H. Raiin and W. 0 . Fenn, Am. J. Physiol. 15s: 675, 1948. 

S Raiin, H. and a. B. Otis. /. Applied Physiol. 1: 717 , i949- 

6 . Riley, R. L., J. L. Lilienthal, Jr., D, D. PaoEintEL and R. E. Fjuvnxe. Am. J. Physiol. 

147: 191, 199, 1946. 

7. Fowler, R. C. Rev. Scicnls. Imtnimcnls. 20:175,1949. 

s! Radn, H, j. Moiiney, a. B. Otis and W. O. Fenn. J . Avialion A/rd. 17: 173, 1946. 

9! Radiverda, P, E. Unequal Vcnlilation of Dijfcrcnl Parts of the Lung. Dissert; Groningen, 1946. 
10! Wearn, j. T. el al. Am. J. Physiol. 109: 236, 1034- 
II. Raiin, H. Federation Proc. 8: 129, i949* 



ADRENERGIC MECHANISM OF VAGAL CARDIO- 

STHMULATION 

S. MIDDLETON, » H. H. MIDDLETON and J. TOHA 
From the Institute of Physiology, University of Chile 

SANTIAGO, CmLB 

I N A previous paper (i) it was suggested that the presence of nervous structures 
in the mammalian hekrt which are capable of releasing an epinephrine-like 
substance under the action of acetylcholine, may provide an explanation for 
the findings of several authors, that stimulation of the vagus leads to acceleration of 
the atropim'zed heart of normal (2-6), sympathectomized (7, 8), or sympathec- 
tomized-adrenalectomized animals (9). In the present paper it is demonstrated 
that, in the isolated, perfused mammalian heart, stimulation of either the vagus or 
sympathetic nerves leads to the release of easily detectable amounts of a substance 
with epinephrine-like properties. 

/: 

METHODS 

Cats, anesthetized with Dial (0.07-0.08 gm/kg. of body weight, intraperi- 
toneally) were used. The heart was isolated in situ and perfused with lyrode solu- 
tion (at 38°C. and saturated with a mixture of 95% oxygen and 5% carbon dioxide), 
through a cannula introduced into the descending aorta at the level of the seventh 
rib. The preparation was so arranged that in addition to the coronary arteries, 
part of the mediastinal structures, including the stellate ganglia were also perfused. 
It has been observed in preliminary studies that under these conditions, the transmis- 
sion of impulses through the stellate ganglion is maintained, as demonstrated by the 
fact that the cardiac response to the stimulation of the preganglionic sympathetic 
nerves persists unaltered for several hours. 

The cervical vagal trunks were isolated and sectioned at the level of the larynx. 
They were excited a few millimeters below the point of section. 

In 20 experiments, the cardiostimulating effect of the vagi was compared ter 
that of preganglionic and postganglionic cardiac sympathetic fibers. To excite 
the preganglionic S3aripathetics, the thoracic sympathetic chains were isolated and 
cut 2 to 3 cm. from the stellate ganglion. The stimulating electrodes were placed a 
few millimeters caudally to the ganglion. To excite the postganglionic sympathetics, 
the stimulating electrodes were applied directly on the stellate ganglion. Modifica- 
tions of the cardiac response to the excitation of the preganglionic sympathetics 
induced by nicotine, were used to evaluate the degree of synaptic block produced by 
this drug. 

The nerves were excited with shielded, bipolar, silver electrodes. Thc^excitation 
was performed with alternating current with a frequency of 50 c.p.s. The voltage 

' Received for publication March 17, 1949. 

^ Present address; Columbia University Department of Neurology, New York City. 
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was regulated by means of potentiometers, Tne nerves were cxcilcd v.jtb f-upra- 
maximal strength iti all instances. The electrodes were kept scjcira.ftHl from the 
neighboring tissues to avoid didusitm of the stimulating current. Atrlrs ;<.rA ven- 
tricular contractions were recorder) front the left auricle and af>e-c, with itotcune 
levers. In some ex{K,Tirnent‘> cardiostimulation wa.s indurerl by iniracoronirv- in- 
jection of epinephrine or ncctykholinc. These drug- were injected in;:, ir.e aortic 
cannula close to the heart and always in the some volume (o.i ex.). 

In order to suppress ilie vagal cardiodepressor ctTcct. i.c,, to hitropin.h-e* tttc 
heart, Bcllafolinc (Sando/.)* was given in concentrations of 0.05 to o.r rr.iing rams'' 
liter Tyrodc solution. Bellnfoline was used because, like atropine ::u'r}h.ate. it 
abolishes the cardiodcjircssor cfTcct of the vagus leal without dirninudsing. a- :iiro|}{ne 
usually docs, the carelioslinuilating eftcct. 

Bitartratc of nicotine was used (t~2 mg, !, of 'lyrode ‘■^dution'. to uholidi trans- 
mission of impulses in the inlracardiac ganglionic and stellate gaiigjion sytvvrx^. 

The rectal cecum of the fowl was employed to detect the prcictjcc afar, eph 
nophrinc-like substance in the cardiac perfusate. The technic was shnibr to the one 
described elscwliere (i), the only dilTeronce being that tlsc }>emimte wa.? n;>‘ odlectcd 
in sepanilc samples. Instead, it ‘.vas ailowcti to <lrip tiirectiy tijn^n the ] 'repara- 

tion as it flowed from lljc heart. Since Beiiafoline was present in the perfusate, 
it also served to supjwcss the cecal resj>on$e to an.y aa-iylcho!ine libera;..; I by tin: 
vagus during the experiments. 


UKStU.TS 

Cardlosimulalin^ Jifjcct of the I 'ugtre 

Norma! atiimah. In all 99 experiments on normal animals, a ca.rdiac re.'twnse 
was regularly obtained by stimulating tlic vagi. 

Before atropinijralion the stimulation of tlic \'agus producal the well known 
depressor effect on the heart, a close rclationsliip being obserc'ed between the strength 
of the stimulating current and the magnitude of ih.c cardiac rcspon.se. After the 
cardiodepressor cfTcci of the vagus liatl been siipj^rcsscd by atropiniwuion (Bclla- 
foline), the ex-citation of the vagus produced only stimulation of the heart, resembling 
the cardiac stimulation obtaincti by c.xcitation of tiic cardiac s\-m{KHhct!c netves. 

The c.xpcriment sliown in figure 1 is represejuativc of the.^e results. At i, 
stimulation of the vagus induces a marked negative ino- and chronotropic effect 
on the heart. Once vagal stimulation is discontinued, the heart recovers from the 
depression verj' rapidhe Before its normal activity is restored, however, a short 
period of increased activity occurs during wliich tiie amplitude and frequency of 
the contractions arc significantly augmented. At 2, the excitation of the left pre- 
ganglionic cardiac sympathetic nerve induces a marked increase in the amplitude 
and frequcnc}'- of the heart’s contractions. Between 2 and j the heart is atropinized 
by giving Beiiafoline. Ten minutes later tlie vagus is again c.xcitcd at j. Kow the 
heart reacts to the vagal excitation with a marked increase of the amplitude and 

* Wc wish to tliank the Oficina Cientifica Sandoz, Chile, for tlie generous supply of Beiia- 
foline. 
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frequency of its contractions, an effect tliat very closely resembles the response of 
the heart to sympathetic stimulation as in 2 and 4. 

Comparing the effects of vagal excitation in non-atropinized and atropinized 
hearts it is apparent that the cardiostimulating mechanism operates in both. In 
the non-atropinized heart, however, the cardiostimulating effect is masked by the 
predominant depressor influence. Upon suppression of the depressor effect by 
atropip'zation, the vagal cardiostimulating effect appears in its full strength. 

The intensity of the cardiostimulating effect of the right as compared to the left 
vagus varied from animal to animal. Both vagi in any one animal usually had a 
similar cardiostimulating capacity. In some instances, however, either the left or 
the right vagus had a greater cardiostimulating effect. 


Fig. I. Upper record atrial contractions; 
second record ventricular contractions; third record 
nerve excitation and injection marks; lowermost record 
time signal in 10 seconds, i. Excitation of right vagus 
viths Volts. 2. Excitation of the right preganglionic 
sympathetic with 2 Volts. Between 2 and 3, Bella 
foline 0.2 mg/1. 3 and 4, respectively as in i and 2. 



The vagal cardiostimulation consists primarily of an increased amplitude of 
contraction. There is usually, however, a more or less marked positive chrono- 
tropic effect. In the records shown, the chronotropic effect is not apparent because 
of the low speed of the k3miographic recording. 

Cervical syrnpalheclomized animals. It was desired to exclude the possibility 
that the cardiostimulating effect of the vagus resulted from sympathetic cardio- 
stimulating fibers contributed to the vagus by the cervical sympathetic. For this 
purpose, 6 experiments were performed on cat hearts after the cervical sympathetic 
trunks, including the superior cervical ganglion, had been removed on both sides 
15 to 30 days previously. 

•The results show that in the atropinized heart of these sympathectoraized 
animals, the vagus regularly exerts a stimulating effect similar to that obser\’ed in 
' the normal, atropinized heart. 


Influence of Nicotine 

In previous work (i), one of us has shown that the stimulating effect of acetyl- 
choline on the isolated heart can be abolished by nicotine. It seemed interesting. 
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llicrefurc, to .stufly Uie influence of nicofim: on {he einlioiflnjubisn!' effect of tne 
vniiu«. 

According to mir rt'suUs. nicotine, in conccnlr.'itionri.-effmn'ite to block cynsptk 
transmission in the stcDate gannlion (nhniiliojt of the r.irdiordimuhtinn prodnceil ]jy 
excitation of tlie preganglioriic enrdiac sympitingics). ahoikhrs the ccirdhi'-lirn'datny 
ciTect of the vagus. 

'J’iic reconl in ligtire :: corrcsjM.mds to n tyjiical exji-'.'rjmenl isi th.e atropini/ed 
heart. At /, it can he .‘-ecn that excitation of the rigit! vayns iirt-wluces marked eardio- 
stinuilrition, particularly of the atria. At during left prcgangliooh' and a? j, 



Fig. j. Urre.R to eouxuvosT rrcoii!);:, as in fig. i. .iXtaipinbeU he-irt. HdLifoIine o.i 
mg/ 1 . I. Exdt.alion of the right \-.ngiis witli j.5 Volf.i. x. E.tdtatjoa of the right preganglionic 
sympathetic with 4 VolLs. 3. Excitation of the right postganglionic sympathetic with 5 Volt?. 4. 
Xicotinc (bit.artnite), x iiig/l. 5, (< and 7, rcyficctivcly as in r, 3 and 5. 


during left postganglionic sympathetic c.xcitation, a similar cardiostimulating efiect 
is obtained. At nicotine is given. Under the action of this dnig the heart shows 
an initial period of increased activity that jrasscs otT rather rapidly in spite of the 
fact that a constant nicotine concentration is maintained. Once thi.s period of 
cardiostimulation has disappeared, the c.xcitation of the vagus at 5 and of tlie pre- 
ganglionic sympatlictic nctx-e at 6 are completely incflcctive. At f, however, ex- 
citation of the postganglionic s}’mpathctic e.xcrts a cardiostimulating effect as intense 
as before nicotinization. 

Release of an Epiiicpliriiic-Iikc Subslancc 

Since it had been previously shown (i) that the cardiostimulation induced by 
acetydeholine in the isolated mammalian heart is produced by an epinephrine-like 
substance liberated in the heart itself, it seemed likely that the vagal cardiostimu- 
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lating effect might be attributed to the operation of a similar mechanism. To test 
the validit)^ of this hypothesis, the presence of an epinephrine-like substance in the 
coronary perfusate during excitation of the vagus, was sought in 13 experiments. 

The record in figure 3 shows a t3rpical experiment of this series. At z, vagal 
excitation exerts a strong stimulating effect on both the atria and the ventricles of 
the atropinized heart. At the same time, the rectal cecum of the fowl, which was 
continuously irrigated by the perfusate dripping from the heart, shows a marked 
diminution of its tonus. At 2, the excitation of the sympathetic exerts on both the 
heart and the intestine an action closely similar to that of the vagus. At j, following 


Fig. 3. Atropinized heart, ' Bcllafolline 0.2 
mg/ 1 , Upper record cecal tonus; the "rest of the 
records as in figs. i. and 2. 1, Excitation of the right 

vagus with 3 Volts; 2, excitation of the right pre- 
ganglionic sympatlietic with 3 Volts; 3, o.i /Kg. of 
epinephrine; 4, 100 pg. of acetylcholine. 




the injection of o.i* microgram of epinephrine there occurs a slight increase in the 
activity of the heart and a pronounced decrease of the intestinal tonus. At 4 , 
following the administration of 100 micrograms of acetylcholine, cardiostimulation, 
especially of the ventricles, is seen. , The rectal cecum, after a brief initial increment, 
responds with a marked diminution of its tonus. The initial increase in tonus is 
probably due to insufficient, atropinization relative to the dose of acetylcholine used. 

The decrease of the tonus of the rectal cecum under the action of the cardiac 
perfusate during the periods of vagal cardiostimulation, was observed without ex- 
ception, ’ Furthermore, the magnitude of the tonus decrease in any single prepara- 
tion was closely proportional to tlie niagnitude of the cardiostimulation. Usually, 
equivalent amounts of epinephrine-like substance were liberated by both vagi, but 
in some preparations either the right or the left vagal liberation predominated. 
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In :i series of c.VjKTimcius it was shown that excitation of the cuTtfiar !j*.-fvc.< 
as well as the appHcatiott of {lrn]i;5 mocfificf.1 the coronary flow, in :o!‘lition to tl;cir 
action on asnliac activity. It seemed twssiijle, therefore, that these chafnjes In 
coronary flow could intluenire the tonus of the rectal cecum which* was hein^; directly 
irrifjatcd hy the perfusate tlowinj? out from the heart. Control «:\|K>rimcnts jlny.vef!. 
Jmwover, that sinnlar changes of flow induced hy ntodifyiiu.: the perfusion prr- ujo': 
failed to alter the intestinal tonus to any sifijoirtcatst extent. 

rn.s'cir.sstON- 

The cardiostiinulatint: effect of the wiyus oh«ervc'l in our e.t|.>eamcn’« ap* 
parcntly caused by the liberation in the heart of a juf^stat'.ce win’rh, h'he e|nf5e|)!irinc. 
induces relaxation of the rectal cecum of ilie fowl. 'ITe active suhstancts recovered 
in the perfusate from the atropiniaed heart under that action of the c.ardiac srmpa- 
t hctic nerves or acet ylcholitic, ah-o induce .a decrease of the cecal tonus. Tin: epineph- 
rinedike nature of the substance (symp.athiti) released in the mammrdia.tt h.c.art by 
the sympaihetlc nen’cs has been rqyeatedly demonstrated ijo-i i). 'Ilte epineph- 
rinc-Iikc properties of the active substance rclc.^.scd in the heart f>y ru'ctylehoh’ne, 
have been demonstrated by HofTinann d a!., on a variety of hioiOpical tests (t). 

On the ba.sis of these facts, the substance libcrattal by the vapus in the h.eart 
appears most likely to be cpinephrinedike in nature. 

7 'lic abolition by nicotine of the vagal cardiostimulating effect strongly supports 
the hyjKJthc.sis that the elements responsible for the lilwration of this epinephrine- 
like substance arc inlracardiac ganglionic neurones. The adrenergic intrac.ardiae 
ganglia are prc.sumably normally controlled by the vagus, i.c., presuntably make 
synaptic connections with preganglionic vagal ctrdiac fibers. Tins assumption is 
supported: <j) by the fact that they arc activated by c.xcitation of thevagu.s — possi- 
bility of being indirectly stimulated by acetylcholine released by the vagus in the 
liearf and reaching them via the blood ve.sscls seems remote; and b) by morphological 
evidence (14), according to which it is usually accepter! that the intracardiac ganglia 
belong, without e.xccptiou, to the vagal system. 

These facts provide additional support for the hypoUic.sis advanced in previou.': 
work (1). that acetylcholine stimulates the heart by activating adrenergic intra- 
cardiac structures. 

The presence in the heart of adrenergic ganglia connected wid? the x'agus, would 
represent an exception in the classical scheme of ixiriphcral integration of the auto- 
nomic nerx'ous system, according to which the parasympatliclic i)Qstganglionic 
neurones arc universally cholinergic in nature. Another e.xccption is found in the 
sweat glands in which, as shown by Dale (15), the sympalhctics synapse with cho- 
linergic post-ganglionic neurones. How far the c.\istencc of adrenergic ganglia is 
restricted to the heart or applies to other parasympathetic innervated structures, 
cannot be ascertained on the basis of evidence available at present. It is interesting 
to recall, however, Koppanyi’s (16) demonstration that in atropinized animals, 
acetylcholine produces relaxation of the intestine and this inhibiting effect of acetyl- 
choline can be abolished bv nicotine. 
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Our experiments provide more direct evidence in support of Haney’s (9) assump- 
tion that adrenergic ganglia exist in the heart which are responsible for the accelera- 
tion induced by acetylcholine in the denervated heart of atropinized dogs. 

The fact that the cervical vagus reta,ins its cardiostimulating capacity in chronic 
cervically sj'mpathectomized animals, excludes the possibility that the vagal cardio- 
stimulating effect could be due to sympathetic fibers in the vagus. 

StTMMARY 

In the atropinized, isolated cat heart, perfused with Tyrode solution, the ex- 
citation of the cervical vagus induces positive ino- and chronotropic effects on both 
atria and ventricles. This vagal cardiostimulating effect is abolished by nicotine 
in concentrations of i to 2 mg/1. Along with the cardiostimulation produced by the 
vagus, an epinephrine-like substance is released in the heart, the perfusate acquiring 
the property of relaxing the rectal cecum of the fowl. 

A similar effect on cardiac activity and the release of a substance that exerts a 
similar relaxing effect on the cecal tonus is obtained by excitation of the pre- or 
post-ganglionic cardiac sympathetic and by intracoronary injection of acetylcholine. 

These results are interpreted as indicative of the existence in the heart of adren- 
ergic ganglia connected with the vagus. 

We wish to thank Prof. Harold C. Wiggers for the careful revision and most valuable critical 
survey of the manuscript. 
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A STUDY OF TH)-: INI-LUICXCK OF DL-Tin’P'i’OPHAX 
UJ’ON BLOOD SVT;AR LFA'JiLS’ 

GKORGK V. MASS. ST.ANTJ:V S. RAHX and FRlXmCK J. xrAPf. 

From the Deportment of .Xulrttitvi, Ih:niir<t Sehimt of PuD.k Deilth, ffrJ Dtp trtr^i-roi cf 
Biofogico! Cheini’.lry, IfoKo.rJ .Ifr-sseoJ Srho.'! 

liOStOX, JtA?:;:,\On.‘f-S;'XT;T 

T URNIiR and CrowcU (i) puhlislicd ob«/:n"iti6n'; *AhHi!i f'.’t.rn to ir,.*n=r,iie 
that dally oral administration of 0,14 to 0.3? yrn.of }n.-try|)‘op:;:;n c<->isornir«{ 
adults produced pymj>!oms of mild iivfwdyccmiri and an ri.-o;'.L'actl re- 
duction of the blood serum ylucose level. Howard and In a recent re- 

port (2).. indicate that their attempts to confirm these findings v.erc ua successful. 


The latter authors were unable to demonstrate anv consistent lov.cri; 




sugar by administration of tn,-plnphan orally to adults. 

An implication of Irj'ptophan in the regulation of ih.e serum elu'vr-%: s:f.p;est.s 
a possible involvement of the pyridine nucleotides which arc known to br eoarented 
in the o.Nidation of CAirboliydrates it: vito. Inc recent v/ork (3) clucs'iattng the 
mechanism of pvTidinc nucleotide synthesis in the presence of pyndoxine and tiy'p- 
tophan suggests a possible mechanism through which added ttyptopbin might 
influence carbohydrate metabolism. Data indicating thru nicotinmr.ide admin- 
istered parcntcrally led to significatit reduction of the fasting bbod glucose levels 
and insulin requirements of diabetic humans have been rcjwtcd b;.’ Xeua-ahi (4}. 

The following cxi)crimenls were designed to study the influence of tra'ptoj.d’.an 
on the blood sugar level in normal nabbits and man. 


rgci'r.itrJtr-NTAL 

Ex per mail 1. Five adult rabbits which had been maintained 14 mouths in 
the laborator>' on a commercial rabbit pellet diet' without subsidiary imsh greens 
were fasted from 5:00 p.xr. to otoo A.jr. (16 hours) on successive flays. Facfi 
morning the animals were placed in an animal box and 20 cm, of blood vms obtained 
by ear puncture for duplicate determinations of the blood sugar level by the metiiod 
of Rcinecke (5). »Vfter a preliminary control j>cnod of 5 days, the animals were 
given 25 mg/kg. body weight of Dt-tryptojflian orally. The tryptophan was 
administered as a 0.5 ix;r cent solution in distilled water. The appropriate volume 
of tryptophan solution was added to the water cup and the volume made up to 50 
ml. witli tap water. This was given at 5:00 p.ar. at the bejpnning of the fast. 
It was found that the animals would regularlj' consume this amount of liquid during 
the 16-hour fast. Blood sugar determinations were done each morning at the end 

deceived for publication February 3, 19.19, 

‘ Supported in part by grants-in-aid from the Nutrition Foundation, Inc., New Fork City; 
the Ivplbank Memorial Fund, New York Citv; and Upjohn Company, KalainaAOO, Michigan. 

- Purina pellets. 

< 3S 



Jilly ip4p 


DL-TRYPTOPHAN AND BLOOD SUGAR LEVELS 


39 


of this 1 6-hour fast. After 7 days of tryptophan administration, the animals were 
given only tap water and the fasting blood sugar levels determined at intervals 
for 10 weeks. Food consumption was measured before and during tr}'ptophan ad- 
ministration and was found to he substantially unchanged. The animals were 
weighed daily and the body weights found to be constant throughout. 

Table i indicates the data obtamed. The daily mean of the 5 animals is recorded 
for the sake of brevity. The arithmetic mean of the 24 blood sugar determinations 
before tryptophan was found to be 117.2 mg. per cent with a standard deviation 
of 7.5. The arithmetic mean of the 20 determinations during tryptophan feeding 
was 99,1 mg. per cent with a standard deviation of 7.3. The difference of the two 


Table i. Daily blood sugar determinations in ewe rabbits before, during and after oral 

TRYPTOPHAN ADMINISTRATION^ 


BEFORE TRYFTOPHAN 

mmiNG PERIOD OF TRYPTOPHAN ADIT. 

AFTER TRYPTOPHAN DISCONTINUED 

Day 

Mean 

S.D. 

Day 

i 

Mean 

S.D. 

Day 

Mean 

S.D. 

I 

1 13 

7.8 

I 

100 

5-9 

I 

98 

3-r 

2 

120 

6.4 

2 

99 

10.2 

3 

90 

7.7 

3 

Ii82 

3-9 

3 

ICO 

6.8 

4 

90 

6.2 

4 

II2 

6-5 

4 

98 

5-2 

i 5 

89 

6.4 

s 

123 

6,1 




6 

98 

3-1 







7 

95 

1 6.6 







19 

92 

3*6 


i 

i 




! 3 S 

! 114 

17.0 


I 

1 


1 

1 

59 

117* 

4-4 







61 

IOo2 

7.5 







62 

98^ 

4.5 


^ The daily mean blood sugar is listed for the sake of brevity. In statistical analyses mentioned 
in the text, the arithmetic mean of individual values was used, however. 

- Mean determined from 4 values instead of 5. 


means before and after tryptophan administration is therefore 18.1 mg. per cent. 
The standard error of the difference of the means was found to be 3.54.^ The critical 
ratio, determined by dividing the difference of the means (18.1) by the standard 
error of the difference of the means (3.54), was found to be 5.1, which is considered 
to be of statistical significance. (Critical ratios greater than 2 . 5 are usually regarded 
as significant) (6.) The fact that this statistically significantfall inblood sugar occurred 
at the time of tr3^tophan administration suggested a specific effect of tryptophan. 


3 The standard error of the difference between the means was calculated by the following 


formula; Standard Error = Square Root of ( 


(S.D.)* (S.D.)' 


Dl 


n: 


) in which ‘S.D.’ represents the stand- 


ard deviation of the entire population (combined groups of pre- and post-tryptophan values), ‘ni’ 
represents the total number of determinations before tryptophan, and ‘nj’ represents the total number 
of determinations after tryptophan. The standard deviation (S.D.) was calculated from the fol- 

„ T.^1- /Sum of squares of all ind. values 

loudng formula: S.D. of total population = Square Root of ( ^ ^ 

Mearf) in which ‘n’. represents the total number of determinations before and after tr>*ptophan and 
the ‘Mean’ represents the arithmetic mean of all blood sugar determinations before and after tr>T)- 
tophan. 
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However, it will be noted (table i) that the bU>od did not return to the origins! 
levels after tryptophan was discontinticd. Thb supttested either that by coincidence 
the animals irecamc accustomed to the procedure at the time of t’ne tryptopltan 
treatment, or that iryptopliats did catise a reduction in fastifKi blood t-utVit which 
appeared immediately and has persistfHl for many wcchs. 

Kxpcrbnnii a. Approximately 3* months later, tin: prccedin;t cx|>rf!mcnt was 
repeated with the same animals, with tlic folhr.vinft difTerena'S in pr<>ce<Surc', a smaUer 

. • • k«<« « 


tryptophan dosage and another bloofl suyar method (measuring Hnie 


'“'id 


■wrar') 


Tadi.!: i. Dau-V rasTiM'. ni.ooa sroAi.*'; !•; uxr. MAiuntA .wit .Krn:n or a.'. rv'i.'roi-n'A' 

AtHina-,TK.STJ'0.-S 


i\!.>'o»r.'rjfvrrc'nu>! ; jeijjs T»vs'r---^"»^’ 


Dsy 

Xo.ofiJri. 

^tei^ 




■ 

S X>. 

X 

4 ! 

07.9 1 

S.5 ; 

I 

1 ' 

S 

: Jca.Q ; 

s-c 

2 

5 

SS.ji > 

JO.J ‘ 

I 

■ 3 


7-9 

S 

5 

W3-0 ? 

9-4 ; 

S 

; 5 

\ “O.T 1 

7 ' X 

4 

B 1 

yS.O ’ 

:o.o 

.1 

5 

* Ci 0 


5 I 

4 

It2.0 

7.0 . 

s 

! $ \ 

i f?.i ; 

r * f 

6 

5 

lOt.O 

•*3-7 : 

6 

: 3 

; i 

B.: 

7 1 

1 3 

0 

0 

to. J 1 

t 

1 X 

0 J .7 ^ 

7.tx 

S I 

i s 

10 .}. 0 1 

4 ; 

S 

! 5 ^ 

; 55 .; ; 

7 S 

9 1 

1 5 : 

i 97.0 i 

9.S ! 

9 

' J* 

f 01.3 ‘ 

0.0 

JO 1 

! 

94 -6 ; 

15-7 : 

JO 

■ 5 

£b.J : 

S-4 

It 

5 i 

! 90.1 ; 

JO.O : 

n 

; s 

1 1 

i • ♦ 

12 

B i 

! 90.1 1 

t5>9 1 

12 

; 5 

s 9-*>t ' 

.{.X 

’3 i 

. i 

.5 

; ; 

S. I ’ 

13 


; 91 . S i 

j.S 

14 

4 

1 101.0 ; 

IS.J 1 



1 i 



5 , 

i 05-S ! 

XI. 3 ! 


• 



16 

5 i 

S ni.o i 

S.i i 

j 


i 

[ 

\ i 


17 

5 

0 

0 

7.0 [ 


I 

E • 



' The daily mean of fasting blood suRar levels of cither .} or5rtruraa]5t5ir.d;caU--ifn the table, 
together with its standard deviation. Similarly the d.aily mean fasting blood sug.ar level o; tite «amc 
S animals after irj’ptophan is listed. In calculating the critic.al ratio cited in the test, however, the 
arithmetic mean of individual animal values wa.s employed rather than the mean values listed above. 


were used and a greater number of observations before and after iryptopitan ad- 
ministration was obtained. The details follow: five adult rabbits maintained on a 
rabbit pellet diet and tap water were placed in indnudual cages. Following repeated 
16-hour fasts (5:00 P.M. to g'.oo am.) during whidi only tap water was made 
available, blood sugars were determined each morning on 17 successive occasions, 
by Nelson’s micro-method (7) using llic Coleman Universal spectrophotometer. 
The DL- tryptophan in a concentration of o.i per cent in distilled water was then 
placed m the troughs in each cage, every evening at 5:00 p.m., in a dose of 10 mg/ kg. 
body weight. This total quantity of fluid was sufiiciently small (35-45 ml.) that 
the entire amount would be consumed by the end of the i6-l]0ur period, food being 
withheld as before. Blood sugars were again determined each morning at the end 
of the 16-hour fast. 
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The results are summarized in table 2. The mean value of the 82 determinations 
prior to tryptophan administration was found to be 99,0 mg. per cent with a standard 
deviation of r24. The mean value of the 65 determinations following the admin- 
istration of oral tryptophan was found to be 91.4 mg. per cent with a standard devia- 
tion of 9.S8. The difference between the two means before and after tryptophan 
administration is 7.6 mg. per cent. The standard error of the difference of the 
means was found to be r.99. The critical ratio was found to be 3.8, which is con- 
sidered to be of statistical significance. This appears to confirm the results obtained 
in experiment i, although the magnitude of the fall in blood sugar after tryptophan 
is not as great. 

Experiment 3. Two adult female rabbits were used to study the effect of tryp- 
tophan on the glucose tolerance test. The animals were fasted 16 hours, placed in 
rabbit boxes and a preliminary blood sample obtained. They were then given 
0.5 gm/kg. of glucose as a ro per cent pyrogen-free solution in distilled water over 


Fig. 1. Glucose tolerance tests in 
the fasting state, and following tryptophan 
and saline administration, in rabbits. The 
mean values of 2 experiments, 2 days a- 
part, are plotted. 



a 30-minute period. Blood samples were obtained at the close of the infusion and 
at 30, 60, 90, 120, 150, 180, and 210 minutes thereafter. The Reinecke glucose 
method was used. The animals were maintained on a commercial rabbit food 
for one week prior to the testing. Four control tests on 2 rabbits indicate good 
reproducibility. The same animals were then used for glucose tolerance tests 
after the injection of 25 mg/kg. body weight of ni-tryptophan in a 0.5 per cent 
solution intraperitoneally in rahhil 6 and an equal volume of solution per kilogram 
of normal salme in rabbit 7 immediately before the tolerance test. This procedure 
was repeated 2 days later on the same animals. 

Figure i illustrates the glucose tolerance tests m the fasting slate prior to, 
and following administration of saline and tryptophan. Although the saline in- 
jected animals exhibited a significantly lower glycemia, there is no apparent effect 
exerted by tryptophan injection. 

Experiment 4. The 2 adult female rabbits, 6 and 7, used in experiment 3 were 
supplemented with rabbit 8 of similar size. Food was removed from the cages at 
10; 00 .A.M. Four hours later blood was taken for blood sugar determinations and 
the animals were injected intravenously, through an ear vein as follows. Rabbit 6 
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received 25 mg/kg. of nicotinamicle solution in sterile distilled vratcf: ral‘!n! g re- 
ceived an equivalent amount of normal wilinc on a body ’.velght basis; and rSi 4 t S 
(wliich had received no previous trs'ptophan) received 25 jngodtg. of r>j.-tri.*ptophan 
as a 0.5 per cent solution in sterile distilled water. Pyrogen-free v.-aier and isaline 
were used. Blood was drawn at hourly intervals for a hours thereafter for glucose 
determinations (Keincclrc), Two days later the same t.%perimc!U war- fcjH'atcd 
after a rti-hour fast. 



Hf;. Ketj cr or uvjr.cnas's of 
nicotsnsfiudr, rn-ptophsa, aed ea 

J'.ipar 'evrt', in Fr.ds p-Mr.t 

reprivcaSs the rac-in vatat of ? cxp-rrimtntf-. 



Fig, 3. Hoertv r.rooa sre-Ar. tizn-?.- 
VfNATiON'S over an $*hour hiilo'sing 

tiilK: feediep i'i tr*'ptoph.>3 sad saline. 
Each point represents the niean Lioed s-jgar 
of 3 rabbits. 


The mean value of the determinations is plotted in figure 2, and ins])CCtion 
reveals no consistent effect of either nicotinamide or tryptophan on the blood sugar 
level. 

Eyperimeui 5. Four young rabbits that had never received Ira'ptoplian pre- 
viously were deprived of water and food from 5:00 r.M. until the completion of 
t e experiment 24 hours later. At 8:30 A.ir., 155- hours after the removal of food 
an vater, 2 of the animals were given 10 mg/kg. of tryptophan in o.i jier cent 
aqueous solution per stomadi tube, and the other 2 were given isotonic saline by 
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the same route. Blood for sugar determinations (method of Nelson, 7) was then 
drawn at i, 2, 3, 4, 5, 6, 7, and 8 hours after the tube feeding. The results are 
plotted in figure 3. Examination of these data reveals no significant difference 
:between the blood sugar levels of the tryptophan-fed animals and the control animals. 

Experiment 6 . This experiment was designed to supplement the preceding 
one. I^Tiereas in experiment 5 the blood sugars of only the first 8 hours following 
tryptophan feeding were determined, in the present experiment the blood sugars 
from the 7th to the i6th hour following tryptophan feeding were obtained. Four 


Fig, 4. Hourly blood sugar deter- blood 
MiNATiONS in rabbits from the 7th to the i6th 
hour following tube feeding of trjqitophan 
and saline. Each point represents the mean 
blood sugar of 2 animals. 



Table 3. Daily mean of blood sugar levels of four adult humans before and after oral 

TRYPTOPHAN ADMINISTRATION^ 


BEFORE TRYPTOPEAN 

AFTER TRYPTOPHAN* 

Day 

3 Iean 

S.D. 

Day 

Wean 

S.D. 

I 

95 -S 

10.2 

I 

92.8 

S-i 

,2 

85.3 

20.3 

2 

1 83.3 

8.6 

3 

'86.5 

8.5 

3 

82. 0 

9.0 

4 

94-5 

4-5 

4 

[ 89.3* 

6 -S 


^ Statistical data cited in the text are based on individual values rather than these daily mean 
values. 

- Mean determined from 3 values instead of 4, 


rabbits, none of whom had previously been fed tryptophan, were weighed, and then 
deprived of food and water. Sixteen hours later 10 mg/kg. body weight of tryp- 
tophan in o.i per cent solution was given per stomach tube to 2 of the animals, 
and an equal volume of isotonic saline per kilogram body weight was given to the 
other 2 animals. Blood sugars were determined (method of Nelson, 7) hourly 
from the 7th to the i6th hour following this feeding, food and water being withheld 
until the conclusion of the experiment. The results plotted in figure 4 indicate 
no significant effect of tryptophan on the blood sugar. 

Experiment y. Four young adult human volunteers were asked to appear 
in the laboratory each morning for fasting blood sugar determinations (method 
of Reinecke, 5) having taken no food over the previous 14 hours. After a pre- 
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liminary period of days, the subjectr, were pivtm v.d’^hed {v.jrittn^'. of in.^iry|jtopkm 
in a do?agc of mg/bg. body ’.veight, '.vhic'n they sw.llo'.ved v.ilh a litde wafer 
at S:oo A.xr, At 10:00 a.m. Ihcy npjjearod a*. n:-,tw! for blood 5,ug,'tr determian- 
tions. Table 3 indicates the daily noran vainer obtained, 'Ha: mean bl^Kn! riirar 
before trj'ptojdian ndniinistration, ba?od on the arlthmetia averaire of all individual 
values, was 90.S, whereas tlie mean bloofi r-ugar after tryptophan v, 
mean rlrop of 4.r. Calrulation of the standart! error of tr.*- means gives a vaisje 
of 4.02. The critical ratio therefore b i,o», which is mi rdgnifwant slatiy.icahy. 
The subjects did not e.v}X'rience unusual syinptorn-a 'Jlji- experiment, tlmrcfore, 
docs not reveal any significant effect of tryptojdian on the cugar. 


DISCUSSION' 

In -A series of 7 experiments, 6 eon<lncte<f on r?,Ub’,t< and <m.e on imnwa saUicet?., 
it luus not been possible to demonstrate any eonsl-uently hyjX'gK'avui:; action of 
tiy'ptophan. Althougii in tl;c first 2 experiments in, w’sic.h the aratno add v.axs 
fed by mouth to rabbits, a small drop in th.c mean blcvKl sugar vess demon'd-rated 
following tryptophan administration, this veas not rcjjroduceu! when tryptopfsan 
was given cither by stomadi iub»2 or intr.’.vcnously. J'iie employment of a 
sugar method (5) vrhicli measures total rtalucirig sub.'tancrs in cx/r/;?cvm'‘ r may 
possibly explain the greater drop in blood sugar obtained iu this taxiseritsscnt than 
in experiment a, in which a method (7) measuring the true IjIckkI sugar v.xis employed. 
Turner and Crowell (i) used the Folin-W’u blood sugar mc'ltod, which, also measures 
total reducing substances, and it is conceiN'ablc that th.e results they obtained may 
in part have resulted from a fall in these non-glucose substances. liixperim.en! y 
in which 4 young adult human subjects juirtidpalcd ab'o failed *0 demonstrate 
an\’ hypoglycemic effect following ttyptnphan administration. 


suscaARY 

The results of 7 experiments are reported designed to determine the ctlect of 
tryptophan administration on the fasting blood sugar levels, when administered 
orally, intravenously, or by stomach tube, and on the intravenous glucose tolerance 
test, when administered intrapcriloncally. The studies were made with rabbil-S and 
man and no consistenth' hypoglycemic effect was observed following administration 
of tryptophan. 
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DISCHARGE OF ADRENOCORTICOTROPHIC HORMONE 
IN THE ABSENCE OF NEURAL CONNECTIONS BE- 
TWEEN THE PITUITARY AND HYPOTHALAMUS^ 

CHI-PING CHENGS GEORGE SAYERS, LOUIS S. GOODMAN and 

CHESTER A. SWINiTARD 

From the Departments of Pharmacology and Anatomy, University of Utah College of Medicine 

SALT LAKE CITY, UTAH 

C HANGES in the weight, histology and chemistry of the adrenal cortex 
serve as convenient and specific indices (Target gland indices’) to measure 
the rate of discharge of adrenocorticotrophic hormone (ACTH) from the 
adenohypophysis under various experimental conditions (i). The demonstration 
by Uotfia (2) and Brolin (3) that pituitary stalk section has no effect upon the increase 
in adrenal weight which follows chronic exposure of rats to a cold environment 
suggests that neural connections between the hypothalamus and pituitary are not 
necessary for the pituitary-induced adrenal hypertrophy associated with chronic 
stress. Inasmuch as ACTH is discharged from the adenohypophysis within a 
few minutes after the onset of stress, i.e., long before changes in adrenal weight 
become measmable (i), it was deemed important to determine whether the im- 
mediate discharge of ACTH is regulated by a hypothalamic-hypophyseal neural 
mechanism, 

METHODS 

, Male rats from the Sprague-Dawley farm were divided into 3 groups. One 
group of 9 rats remained as controls; a second group of 12 was completely hypophy- 
sectomized; and in the third group of 19 rats, the pituitar}' stalks were sectioned 
satisfactorily. 

Complete hypophysectomy was performed in the routine manner. Pituitary 
stalk section was accomplished by a modification of the routine procedure for hypo- 
physectomy. The drill hole between the sphenoid and occipital bones was ex- 
tended laterally. The membrane of the sella was opened and the isthmus of the 
adenohypophysis was split >vith a dental probe just ventral to the posterior lobe. 
The lateral lobes of the anterior pituitary were spread apart with a retractor. A 
fine-tipped pipette was then introduced into the pituitary fossa between the blades 
of the retractor and vigorous suction applied to the roof of the sella turcica. The 
posterior pituitary was sucked out, and in practically all rats a variable fraction 
of the anterior pituitary was also withdrawn. All animals were discarded in whom 
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il Avas obvious at ihc time of ojH:raii<)n that more than one-haif of tin; anterior pi- 
tuitary tissue was removed. Nineteen stalh-scctioncd anirnais v/erc flccmed satis- 
factor}' for purpose.*; of the cxjKrrimenl; !>ut at autopsy, 7 of these 59 nits were found 
to have a quantity of anterior pitnitar}' tissue less than one-qifarter of norn>aL 
Data from tlicse 7 animals are dealt v,'ith feparatcly. 

'J'lircc separate criteria were employed to determine the completeness of the 
severance of neural connections between the tntuit.'uy and hypoihrdamus, as follow?; 
gross; inspection at autopsy, water metabolism and histological ex.unination of 
the supraoptic ituclei. Gross insjKction at autopsy sho'wed that none of the ssalh- 
scctioned animals had any tissue conncctim; the l>:ise of tlse brain and lisc pituitan'. 
The daily water intake and urine nntput of jo <>( the tj f-talk-recti'ined animals 
were measured; 9 of the to rats CA'hibited m.aiked j/olyuria and polydipsia (-r in 
table 1) atid the remaining rat showed a mild dhibctc;'; insipidus (d' — in table 1). 
Tlie supraoptic nucleus was examined bistologicitlly in 7 stalk-rccliotted animals. 
Serial .sections of ihc miclens were stained with toluidine blue. From 5 to 4S d^ys■ 
elapsed between st.alk .'section and autopsy, immctliatcly prior to wliich the rate 
of ACTH discharge in response to acute stress was measured. Five days after 
stalk section the supraoptic nucleus wa.< normal for the most part. However, 
there v.'cre scattered areas in wh.ich cells showed some irregularity of outline, dense 
peripheral Xissl sub.stnncc and eccentric kara-olytic nuclei. After 23 days, dcfmitc 
signs of cellular degeneration were a])parent; cells were obseiwcd in all stages of 
degeneration and there v.'as a moderate degree of gliosis. Although no cell counts 
were made, it was clearly evident that a decrease in tlic number of cells had occurred. 
After 48 days, more than onc-lialf of the cells of the supraoptic nucleus had dis- 
appeared. Harris (4) has reviewed the e.\][>eriment.al studies covering a number 
of species wliich demonstrate that section of the infundibulum is followed by de- 
generative changes in iJic .supraojitic nucleus. 

Integrity of function of the adenohypophysis was evaluated by measuring 
body, adrenal and testicular weights. Aliility of the pituitar}' to discharge .‘VCTH 
was determined by the degree of depletion of adrenal ascorbic acid in response 
to the administration of histamine. The ascorbic acid content of the adrenals 
is under the specific regulatory control of the pituitary and can be employed as a 
measure of ACTM discharge (r), Tlic degree of depletion of adrenal ascorbic 
acid in response to histamine was measured as follows: Tlic ral was ancslhetiacd 
with sodium pentobarbital and the left adrenal removed as a control for the analysis 
of ascorbic acid. IHstaminc acid phosphate, 1,0 mg/xoo gm. body weight, was 
injected slowly via a tail vein, over a period of about 3 minutes. One hour later 
the right adrenal was removed for analysis. The adrenals were dissected free of 
fat, weighed to the nearest 0.05 mg. on a tor.sion balance and then dropped into 
a centrifuge tube containing a few grains of s:ind and 12.0 ml. of 4.0 per cent tri- 
chloroacetic acid. A stirring rod, flattened at the tip, was used to crush and grind 
the adrenal tissue against the sand at the bottom of the tube. Two 4.0 ml. aliquots 
of the extract were analyzed for total (reduced plus clchydro) ascorbic acid by the 
method of Roe and Kucthcr (5). The degree of depletion of adrenal ascorbic acid, 
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Table i. Discharge of acxh from the adenohypophysis of stalk-sectioned rats in 

RESPONSE to histamine STRESS 


GROUP 

BODY T^'EIGHX 

BOTH 
ADRENALS 
^VT., MG. 

TESTES 
WT,, CM. 

REDUCTION 

IN ADRENAL 

ascorbic Acm, 

MG/IOO GM. 

polyuria 

AND 

POLYDIPSIA 

degeneration 

or SUPRAOPTIC 
nucleus 

Initial 

Final 

Control 

75 

270 (46)1 

28.3 


158 




60 

264 (46) 

24.4 


201 




62 

276 (46) 

34-8 


199 




192 

250 (13) 

27.6 

2.77 

208 




194 

240 (13) 

27.6 

2.71 

160 




230 

298 (14) 

32.0 

2.60 

199 




200 

264 (14) 

29.9 

2.90 

218 




190 

270 (rs) 

32.5 

3-00 

205 




170 

210 (is) 

26.9 

2.16 

250 



Average 

200 db 9 



Hypophy- 

S 3 

72 (51)- 

6.4 


_2i3 



sectomized 

105 

100 (51) 

8.2 


S 




160 

154 (13) 

II. 8 

0.89 

-26 




150 

140 (13) 

17.7 

0.22 

35 




172 

170 (14) 

12.8 

0.70 

“I 




164 

145 (14) 

18. 1 

0.56 

6 




152 

140 (rs) 

13.8 

0.16 

— 10 




156 

140 (is) 

15.4 

0.71 

2 




270 

250 (20) 

- 14.3 

1.29 

13 




274 

220 (20) 

iS.-S 

1. 00 

46 



. 

268 

233 (20) 


i.iS 

17 




270 

244 (20) 


1. 01 

18 



Average i i 

mm 



Stalk- 

170 

iSd (S)^ 

24.4 


203 


04-" 

sectioned 

168 

i 3<5 (s) 

29 -S 


190 




200 

240 (23) 

29.6 

2-73 

258 

+ 

J. — ^ 


200 

200 (23) 

25-7 

2.70 

303 

+ 

+ + 


218 

250 (23) 

28.6 

3 -rS 

343 

+ - 



258 

250 (48) 

29.1 

2.98 

185 

+ 

+++ 


260 

245 (48) 

36.4 

3 - 6 ° 

231 

+ 

+•+++ 


278 

210 (48) 

29.7 

2.93 

123 

+ 



226 

25s (32) 

3 i-d 

3-22 

288 

+ ■ 



264 

292 (32) 

36.8 

3.99 

257 

+ 

++ 


254 ■ 

264 (32) 

36.9 

2.23 

319 

+ 



258 

288 (32) 

37-2 

3.60 

210 

+ 

++ 

Average 

242 ±19 




. ^ Figures in parentheses denote number of days elapsed betu'een measurement of initial and 
final body weights. ... 

^ Figures in parentheses denote number of days elapsed between operation and autopsy. 

® A minus sign indicates that the right adrenal had a greater concentration than the left. 

The s3’mbols have the following meanings: o-f- scattered areas of chromatolj^sis, no cell loss; 
-|-+ cdls in all stages of degeneration, moderate cell loss; ++++ loss of more tlian 50 per cent of 
cells, all stages of degeneration and gliosis. 
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as measured by tlic diftercncc in concentration !M;lwecn the left and the rij'iil Rland, 
is j)roportion:ii to the amount of AC'rH disciiarjjed from tisc {uUniohypopisysis. 

jtrsui.TS 

Section of the infundibulum interfered witli ^;rov.-{li. Of the i: ^^alk-?^;€l^o^cd 
rats included in table i, 6 pained slightly in ‘.veight and 5 actually lo?t v.'cight. All 
the completely hyjmphyscclomizcd rats hjst weight, except one animal whidj was 
operated upon at a very young age. I'lic testes anti adrenals of the rtalk'Sectioncd 
group were equal in weight to those of the control Irenes: in contra-:!., the conad.s 
and adrenals of the hypophyscctomiaed rats were markedly atrophic. It apiKars 
that gonadolrophin.s and ACl'lI were released from the .stalkeet tiotnai pituitarits 
in quantities suflicicnl to maintain the weights of the testes ami adrenrds, rcstK-ctively. 
On the other hand, it is possible that inadequate quantities td growth hormone 
were being discharged from the adenohypophy.sis of the .stalk-seclioncd rat;?. How- 
ever, growth is such a complex phenomcnou th.it a deficiency of piiuitarj' growth 
hormone may be only one of several possible factors responsible for the inadequate 
gain in weight of the .sfalk-scclioned animals. Indirect cvidciice that the thyro- 
trophic function of (be anterior piUiitari' v,'as ru)t di.sturbed c-xh-ts in the fad that 
the diabetes insipidics occasioned by stalk section jmrsisted for the duration of 
the period of observation. 

None of the com[)lclcIy liypophyscctomiacd rats responded to histamine with 
a significant reduction in adrenal ascorbic acid (table i). In contrast, the reduc- 
tion in adrenal ascorbic acid in the .Stalk-Fcctioncd rat.s given histamine was as 
marked as that in the control group similarly treated. 

Of a total of 19 slalk-scctionccl animals, 7 were found at autop.'y to have cither 
no detectable pituiiarj' tbsuc or an amount which was less than one-quarter the 
normal mass of this gland. The.sc 7 rat.s have not been included in table r. Their 
adrenals and gonads were atrophied and the adrenal ascorbic acid rcsjwnse to his- 
tamine was either completely negative or intermediate between thai of the controls 
and that of the completely hypophy.'^jctomizcd animals. 


DISCUSSION 


Tlie maneuvers of vigorous suction applied to the roof of the sella and of scjxara- 
tion of the lateral lobes of the adenohypophysis arc reasonable assurances in them- 
selves that neural connections between the piluitarx' and the liypothalannis w*ere 
completely disrupted. At autopsy the brain was verj' carefully lifted from tlic 
base of the skull in order to reveal any po.ssiblc residual connections between the 
hypophysis and Uie hypothalamus. In control animals the stalk was readily seen, 
but in none of the stalk-sectioned animals could any infundibular tissue be ob- 
served. The degenerative changes in the supraoptic nucleus provide further exi- 
dence that the stalk had been sectioned. Finally, the polyuria and polydipsia 
which developed in the stalk-sectioned animals adds additional support of a ph3*s- 
iological nature to the anatomical evidence that the infundibulum had been sectioned, 
hus It is reasonabty certain that the stalk-sectioned animab in thb study lacked 
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neural connections between the adenohypophysis and the hypothalamus. How- 
ever, it is possible that a ‘hypophyseal portal system’ regenerated and reestablished 
vascular connections between the pituitary and the hypothalamus. 

Uotila (2) investigated the response of the adrenals of stalk-sectioned and 
normal rats to chronic exposure to cold, and concluded that the absence of the 
infundibulum did not prevent the adrenal hypertrophy which normally occurs 
from such exposure. Brolin (3) conducted similar studies and his results agree 
with those of Uotila. It thus appears that neural connections between the pituitary 
and the hypothalamus are not essential for the increased pituitar}^ adrenocortico- 
trophic activity which results from the continuous application of stress. Further- 
more, the present study demonstrates that the prompt discharge of ACTH which 
occurs within an hour after the application of a noxious agent is also independent 
of neural connections between the hypothalamus and the adenohypophysis. 

The data of this report would appear to indicate that the rate of discharge 
of ACTH in stalk-sectioned rats, as judged by the depletion of adrenal ascorbic 
acid, is equal to that in intact rats. However, the possibility remains that stalk- 
section may modify the response to acute stress. The histamine stress employed 
in these studies caused a nearly maximal reduction in adrenal ascorbic acid. In 
order to detect small quantitative differences between control and stalk-sectioned 
rats in the rate of discharge of ACTH, a dose of histamine should be employed 
which produces less than the maximal reduction in adrenal ascorbic acid. When 
one considers the fact that only one-half of the normal mass of pituitary tissue 
was found at autopsy in most of the stalk-sectioned animals and that the blood 
supply of the gland was probably interfered with by the surgical procedure, it is 
highly significant that the reduction of adrenal ascorbic acid in response to his- 
tamine was as great in the stalk-sectioned as that in the intact control rats. 

Harris (4) has stated that, . . nervous stimuli might cause the liberation 
'of some substance into the capillary sinusoids of the median eminence, this sub- 
stance then being transported via the hypophyseal portal vessels to excite or 
inhibit the pars distalis.” There appears to be good evidence in the rabbit that neu- 
rovascular transmission from the hypothalamus to the adenohypophysis is the mech- 
anism regulating the release of a pituitary gonadotrophin responsible for ovulation. 
Since regeneration of the hypophyseal portal vessels occurs after division of the stalk 
in rats (4), the results of the present study do not rule out the possibility that a neuro- 
hu'mor, arising in the hypothalamus and passing to the adenohypophysis via a hy- 
pophyseal portal system, mediates the release of ACTH in response to the application 
of stress. 


SXJMMARY 

In rats with pituitary stalk section the adrenal cortical response to an acute stress 
is similar to that of control animals. It is therefore concluded that the prompt release 
of adrenocorticotrophic hormone from the adenohypophysis in response to stress is 
not dependent upon neural connections between the hypothalamus and the anterior 
pituitary. 
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RENOTROPHIC-ANDROGENIC AND SOJ^^ATOTROPHIC 
PROPERTIES OF FURTHER STEROIDS^ 

CHARLES D, KOCHARIAN 

From the Department of Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROCHESTER, NEW YORK 

I T HAS been demonstrated that the polar groups on the steroid molecules in- 
fluence the renotrophic and androgenic properties of these compounds (1-3). 
Thus androstanediol 30;, 1 7^8,^ is preferentially renotrophic and A^-andro- 
■stenedione-3 , 1 7 is preferentially androgenic. Since the presence of the 1 7/8 hydroxyl 
group is essential for maximum renotrophic effect and the a,/3 unsaturated 3 ketone 
group for maximum androgenic effect, it seemed worthwhile to determine the ac- 
tivity of steroids containing the various possible polar groups at only one of the 
two positions, e.g. the 3 and 17. At the same time several interesting new steroids 
and several relatively inactive steroids at higher dose levels were studied. Finally, 
a comparison of the effect of these and previously studied steroids on body weight 
has been made. 


PROCEDURE 

Male mice of the Murray-Little dba® or the Swiss strain from our Bacteriolog)’- 
Department were castrated under ether anesthesia at 17.0-19,0 grams body weight. 
One month later pellets of the various steroids^ were implanted subcutaneously (i). 

The food, Rockland checkers, was removed from the mouse cages 18 to 20 
hours before autopsy. The mice were killed by decapitation, the organs removed 
and weighed. The pellets were removed, washed in distilled water, dried and 
reweighed to determine the amount absorbed. 

RESULTS 

Renotrophic and Androgenic Activities. The first four steroids in table i had 
been studied previously (i) after implantation of one pellet of the respective com- 
pounds. The implantation of four pellets, thus quadrupling the dose level, did 
not appreciably enliance the potencies of either isoandrosterone or dehydroisoan- 
drosterone; those of androstanedione and androsterone were increased; especially 

Received for publication March 25, 1949. 

^ This investigation was supported by grants from Ciba Pharmaceutical Products, Inc. 

- The designation of the 17 hydroxyl group has been changed to conform with the recent re- 
vision in its steric configuration (4, 5). Thus, the previous l^a hydroxyl group is indicated as 17^ 
and cistestosterone as epitestosterone. 

3 These mice were generously supplied by the Biological Station, Springville, New York tlirough 
the courtesy of Dr. S. G. Warner. 

^ The steroids were generousl)'’ provided by Ciba Pharmaceutical Products, Inc. through the 
courtesy of Dr. E. 0 . Oppenheimer. ’ Many of these compounds were prepared specially for their 
study by Dr. St. Andre. 
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the androgenic activity of androstanedione. It is of intcrcpt tJial although an- 
droslerone and androstanedione have similar rcnolropliic properties, their amfro- 
gcnlc potencies arc \'cry different. 
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^ The figures in this column indicate Uic number of pellets or the steroid: cholesterol composi- 
tion of tlie pellet impl.antcd in each mouse. 

* The values in parentheses are in milligrams, the remainder are percentage ditlerence fami 
tliese values. 

^ The designation of the 17 hydroxyl group has been changed to conform tvilh the recent re- 
vision in its steric configuration (4, 5). Thus, tlic previous i7rt liydroxyl group is indicated as 1 7,?. 

The introduction of the 17-methyl group into androslanol-i7.d,one-o did 
not significantly alter either its renotrophic or androgenic potencies. The 
propionylation of this steroid, however, rendered it so insoluble (in contrast to 
testosterone (1—3)) that it was practically inactive. The mono- and ditestostcrone 
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carbonates also were extremely insoluble and inactive. The introduction of either 
the ethyl or vinyl groups into the 17 position of A®-androstenediol-3/S,i7(ff did not 
make this steroid active. The introduction of the 3-methyl groups into andro- 
stanediol-3Q:,i7^ and androstanol-3a,one-i7 (androsterone) mcreased the rate 
of absorption of these steroids (cf. i) but obliterated their biological activities. 

. None of the monosubstituted steroids demonstrated any activity. Furtlier- 
more, the rates of absorption from the pellets were extremely low. Androstanol-3ar 
as well as androstanone-17 also were studied after they were mixed in equal pro- 
portions with glucose but the decrease in weight of the pellets at the end of the 
experiment only indicated an absorption of the glucose (not tabulated). Andro- 
stanone-3 was completely insoluble and in three attempts its pellets always sloughed 
before 7 days of implantation. 

Two testosterone derivatives testosterone-n-propyl carbonate and testosterone- 
17 diethyl amino ethyl carbonate hydrochloride (not tabulated) proved to have 
approximately the same potency as testosterone. The second compound was not 
tolerated as a subcutaneous implant presumably because of its acidic nature. It 
always sloughed out within a few days after implantation. 

Steroids and Body Weight} Those steroids which demonstrated no renotrophic 
or androgenic activity (table i) also did not influence the body weights of the mice. 
The steroids which were effective are listed in table 2 with steroids previously studied 
for their renotrophic and androgenic properties. 

. Androstanol-i7/9,one-3; testosterone; androstanediol-3Q:,i7/? and their de- 
rivatives with the exception of 17-ethynyltestosterone, testosterone benzoate and 
epitestosterone were very effective even at small doses in increasing the body weiglit 
of the mice. Several other steroids which are relatively inactive in other effects 
were able to produce definite increases in body weight when the dose of the steroid 
was sufficiently great. Notable among these are the androstanediol-3f3,i7^; 17- 
methyl-A®androstenediol-3/5,i7/?; androsterone, isoandrosterone and dehydroisoan- 
drosterone. Androstanedione and A^-androstenedione-3 , 17 were effective but they 
also are effective in other biological activities (1-3). None of the pregnene and 
pregnane compoimds affected body weight. It should be noted also that these 
last mentioned steroids are not ver)’- soluble in tissue fluids. 

DISCUSSION 

It is obvious now that the androgenic steroids have several physiological proper- 
ties which do not quantitatively parallel each other (2, 3). Thus, the presence 
of the 30; hydroxyl group reduces the androgenic but not the renotrophic properties 
and the 3 keto group enhances the androgenic without increasing the renotrophic 
properties of these steroids. This effect of chemical structure is noted even. in' 
steroids of very low activity, e.g. androsterone versus androstanedione. In spite 
of this divergence in properties as yet none of the steroids has shown com- 
plete dichotomy in these two physiological activities. An attempt to produce this 
by the production of steroids with only one polar group has been unsuccessful. 

^ Parts of these data have been previously reported in the Josiah Macy Jr. Foundation Reports 
on Metabolic Aspects of Convalescence, 6th meeting, New York 1944 and in a review (2). 



Tadix s. Ii)rrr,CT or firnKOius* o;: nonv n-niniiT or CASTKATfio %tovr.}: 




1 nti 

tw* -• >*v^ 

SOlO 

iiLvA ¥%»¥y.^' vijTirASTav 

1 


I mar tto. 

1 1 

! Prtt-! 
t N*o,* 

r-f.'Yi 
t <!«k- 

1 

• I: ■“■.J-e 

1 'JSV? 

i 7 'p 

Caslntcd controls 

1 1 

i 

5 

1 


i ^‘7 

i 

Androstanol-i 7/5,0116.3 

1 5 

1:1 

i i^-A; 

s 3. A 

/ 212 


6 1 

t 

> e.A 

1 4 .K 



3 i 

3 

t •* *• 

J > • " 

1 3 .4 

xco- 

( 

AnUroStniiol-i 7/5, onc-3 ,prop.' 1 7 

, \ 

A 1 

j 

1 

i «-! 

^ I. A 

i -6 

i 7 -Mctliylan(lrosUmoi*i 7 / 5 ,one -3 

' i 

3 ' 

1:4 

1 O.X 

! ... 

i 

? 70 


* ! 

*> i 

i;r 

1 0. ; 

• 3-7 

5 f r-S 


^ i 

> 

• 

1 J.A 

1 3 -<' 

1 XSJ 


^ 1 

*r ] 

1 -% 

1 3.3 

£ 3 -S 

1 !s 6 

Testosterone 

’ * : 

• »• 

i !t 4 

[ O.J.j 

1 -A A 

.“I -4 

1 TO'i 


i 

i x: J 

! 

3.4 

i 

i 

j 

I A i 

;:x 

! 4 .{ 

I 3-9 

i t-*o 


*> i 

1 r 


1 4 ..i 

1 !S 9 


; ! 

r * 

[ iCi.Ci 
} 

■f , 

i iSj 

Testosterone propion.itc 

1 

4 

[ j;e 1 

i 

\ 0.2 

1 4 

1 J 53 


4 


1 0 ,Slv 

i ‘ 5 .^ 

1 141 


4 

1 e;i 1 


! 3-5 

ic 6 

J 

: n i 

i * i 

! 4.4 

[ 4.3 

1 JS 3 


•' i 

»? ’ 

1 

1 p .4 

• 3-4 

! 

1 ICO 

1 

Tcstosteronc.accl.n tc-3 , propionntc-i 7 

♦ j 

1 

1.5 

1 4 .S 

I.S2 

1 7-Mctliy!.in(lrostAnccIio1-33, r 7/3 

5 

1 

1 0,4 

3.0 

76 



3 

:.S 

3. 1 

S3 

i7-Etliynylandrostanediol-3/?, 17/5 

5 

I 

1 0.5 

3.9 

70 

A‘-Androstcncdiol-35, 17/? 

3 

I 

0.7 

2.J 

[ 

o 5 

i7-Mctliyl-A'-Androstcncdiol-3fl, 1 7/? 

c 

J 

0.9 

3.4 

4 J 


4 

4 

n • 

! • 

i 

4 .S 

164 

1 7-Et]iynyl-A^-androstcncdiol-3fl, 1 7/5 

5 

I 

I.O 

-■S 

4 / 

3-Mclliyl-A’' ®-androstadienol-i7^ 

6 

1 

I 

[ 

S -7 

2.0 

xS 

3, 17-Dinictliyl-A’. ‘-androstadicnol-i?^ 

6 

I 

r.6 

2,4 

41 

Androstcronc 

6 

1 

3‘7 

«« •* 

■**0 

35 


4 

4 

13-0 

1 4.6 

171 

Isoandrostcronc 

S 

I 

9-3 

2.S 

65 


4 ; 

1 

4 

2S.2 1 

3-3 

04 

EtioGholanol-3Q:, one-i 7 

I i 

I 

7.0 1 

i.S 

0 

Dcli3'droisoandrosterone 

s 

I 

■j 

10.9 j 

4.4 

IS 9 


4 

4 

35.7 

3-6 

112 


S4 


Table 2 {Continued) 



MICE NO. 

STEROID 

CHANGE IN 

BODY WEIGHT 

Pellet 

No.i 

Absorbed 

fflS/30 

days 

em/30 

Clays 

%> 

Androstanedione 

7 

I 

9.2 

3.9 

X29 


4 

4 

32.3 

4.3 

153 

A^-Androstencdione-3 ,17 

6 

,I 

10.6 

3.9 

129 


2 

2 

X9.9 

3.3 

94 

1 7-Methyltestosteronc 

4 

1:4 

0.14 

5.1 

200 


4 

1:2 

0.57 

3.1 

82 


5 

1:1 

1.30 

3-3 

94 


6 

I 

8.5 

4.8 

x82 


4 


14.4 

4.1 

I4I 

1 7-Vinyl testosterone 

8 

I 

8.x 

4.4 

159 

1 7-Ethyltestosterone 


I 

5.1 

3.4 

100 

I 7-E th}'nyl testosterone 

6 

I 

0.5 

2.0 

48 

Testosterone benzoate 

6 

I 

0.2 

2.2 

29 

Epitestosteronc 

4 

I 

3.6 

1.9 

12 

Androstanediol-3a, X7/S. 

2 , 

III 

0.25 

4 .S 

1S2 


II 

^ I 

1-7 , 

4.5 

165 


3 

4 

5.9 

3.9 

• 

129 

Androstanediol-3a, 1 7^, acctatc-3 

3 

I 

0.7 

3-5 

106 


6 

3 

2-3 

3*5 

106 


5 

4 

3.0 

4.6 

171 

1 7-Methylandrostanediol-3a, 1 7)5 

■ 5 

i:i 

0.6 

4.0 

135 


7 

X 

2.6 

4 .x 

14I 


4 

2 

3-2 

4.2 

147 


5 

4 

6.9 

4.3 

153 

Androstancdiol-3/3, i7)3 

6 

X 

0.2 

3-4 

100 


4 

4 

2.0 

3-9 

129 

Progesterone 

5 

I 

5.6 

2.1 

24 

A3-Pregnenol-3/5, one-20 

5 

I 

0.8 

1.2 

-29 

Allopregnanol-3a, one-20 

2 

I 

O.I 

1.9 

12 

Pregnanol-3Q:, one-20 

I 

I 

2.9 

1.2 

-29 


1 The figures in this column indicate the number of pellets or the steroid: cholesterol composi- 
tion of the pellet implanted in each mouse. 

- Percentage difference from the castrated controls. 

3 The designation of the 17 hydroxyl group has been changed to conform -with the recent re- 
vision in its steric configuration (4, 5). Thus, the previous 17a hydroxyl group is indicated as 17^. 
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These compounds did not liave njiy physiological uctinty rluc nt least in {wrt, to 
their very low sohibiliti* in the tissue fiuids. Thus, the j>rc!:cnce of n nxonr! polar 
group is essential for solubility and very likely the jiiiysiologlcal activity of the 
steroids. 

It has been previously (i) sugf'cstc.d that the tdiysiologlcal and biochemical 
properties of the androgen.s may dejicnd not only tipon the steroid administcTcd 
but also the nature and number of metabolites formed by the %'arious tissues of 
the body (6, 7). 

The increase in body weight jiroduced by the various steroids is in agreement 
with the protein anabolic properticr. of these anrirogens (3) except that several 
of the steroids (c.g. nntlro.slcrone, dchy<lroi.so.andror 4 erone) which arc relatively 
inactive in all phy.siological proi>erlics produced sugrtiheant increases in body weight. 
This may be a matter of do.sagc; only trace amounts of the most active compounds 
were needed to produce similar cfTects. On the other band, it is probable ihat 
thc.se compounds may influence jihases of growth other than protein an.aboli5rn, 
c.g. fat, water. Preliminary' nitrogen balance studies in rats indicate tliat andro.s- 
tcrone .stimulates gmator increases in body weight than c.an be .accounted for by 
changes in nitrogen e.xcrction. 


SUMM.AItY 

Since previous sludic.s bad indicated that the maximum rcnotropliic and andro- 
genic properties of steroids implanted ns peilet.s in castrated mice were dependent 
upon the nature of the chemical groups of the molecule, a scries of C-19 steroids 
with i>olar groups onl}' in the .3 or 17 jjosilion were studied. .A.il of these mono- 
substituted steroids demonstrated no solubility or only a trace in the tissue fluids 
and also no biological activity. 

A comparison of the cfTccl of these and previously studied .stcroid.s on the body 
weight indicated tliat many steroids which had only tmcc or small rcnotropliic and 
androgenic cfTects were able to appreciably increase llie body weight of the mice. 
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INFLUENCE OF PREVIOUS DIET ON METABOLISAI 

DURING FASTING^ 

SIDNEY ROBERTS* and LEO T. SAMUELS* 

From ihc Division of Physiological Chemislry, University of Minnesota Medical School 

laNNEAPOtrs, MINNESOTA 

and the Department of Biological Chemislry, College of Medicine, University of Utah 

SALT TAKE CITV, UTAH 

T he metabolism of the rat both during feeding and subsequent fasting has 
been demonstrated to be dependent upon the fat, carbohydrate, and protein 
content of tlie preceding diet (cf., reviews by Roberts and Samuels (i) and 
Samuels (2)). In general, it appears that the foodstuff mainly burned under these 
conditions corresponds to the predominant source of energy in the diet; this phe- 
nomenon has been termed 'preferential utilization’ (i). The adaptation to diet 
which occurred was shown to develop in the peripheral tissues as well as in the liver 
and kidney (3, 4), and to be relatively independent of the secretion of the adeno- 
hypophysis (5). 

In the present investigation, it was observed that rats previously maintained on 
a diet high in fat survived longer during subsequent fasting than similar animals 
previously fed a high carbohydrate diet (cf., also, 6), This difference was not asso- 
ciated with any significant difference in voluntary activity in the 2 groups during the 
early fasting period. The results presented below suggest that the difference in sur- 
vival time was due primarily to a more rapid rate of protein breakdown in the high 
carbohydrate group. 

METHODS 

Adult, male rats, obtained from Sprague-Dawley, Inc., and previously maintained on Purina 
Fox Chow, were force-fed the special diets by stomach tube for a period of 6 weeks prior to fasting. 
Equicaloric amoimts of the high fat and high carbohydrate diets were fed to groups of animals of 
similar age and weight. These diets contained approximately 85 per cent of their calories in the form 
of the major foodstuff and 15 per cent as lactalbumin, supplemented witli all known dietary essen- 
tials. The procedures used, as, well as the constitution of the diets, have been described in detail 
elsewhere (7, 8). During the feeding and fasting periods, drinking water was allowed ad libitum '. 

The animals w'ere kept in individual metabolism cages {Group T) or in individual activity cages 
{Group JI) during the entire experimental period. In the former instance, urine collections were 
made usually at weekly intervals. These samples were acidified and preserved under toluene during 
collection and, at a later time, were analyzed for total nitrogen by a modification of the macro 
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Kjeldalil method (9), and for acetone liotlks In' the Van Siykc procedure (jo). Diirinj: the fasting 
period, occa-Monal determinations were made of the numlier of cage rotations, and the blood sugar 
level for a mmibcr of the .aniniabs kept in the activity cages. Only complete rotations were registered 
on the comptometer in the app.imtus used, m th.al an indication of the energy required to move the 
activity cage less Uian a full rotation svas not obtained. Tail blood ramp!« were amabwi for total 
sug.ir by the Rcincclcc method (ii). Hotly wcight.s were followed a! freque.nt intervals for fcvcml 
nnimal.s in boUi Groups I and //. 

At the time of death, a small portion of the liver w.as removed (about 50*0 mg.) astd roved in 50 
per cent HsSOr for later an.a!ysi.s of total nitrogen by the KJcld.tlil jtroccdute (0). '1 nc rcmaintlcr 
of llic liver wa.s dropped into 95 per cent eth.anol and i.attr analysed for fat by a mctliad previously 
described (5). Alstj at autopsy, the left kidney of the nnint.ak in Group 1 was jccurcd for nitrogen 
determination, and the right kidney for fat analysis by the methods dc5<rfi!ie<!. 



(open circles) or the high fat diet (solid circles). 

Fig. 2 (r/g/;i). Ikclvenck or rRi;\oous ninr on tlic decline in blood ciigar during the early 
fasting period. All animals had previously been force-fed for 6 wcck.s either the high carbohydrate 
diet (open circles) or the high fat diet (solid circles). 

RESULTS AND DISCUSSION 

The influence of previous diet on the loss in body weight and on the survival 
time during fasting is shown in figure i. In two series of rats of diflferent age and 
weight ranges, those animals previously fed a high fat diet (solid circles) lost weight 
more slowly and survived longer than the group maintained on the high carbohydrate 
diet prior to fasting (open circles). As might be expected, the higher the initial body 
weight at the time of food deprivation, the longer the period of sumval. Tlius, in 
Group I, consisting of animals w’hosc body weight was appro.ximately 350 gm, at the 
time the fast w'as instituted, the mean survdval lime was 24.6 days in tlic ease of lliose 
rats previously fed the high carbohydrate (CHO) diet, and 3S.S days after tlic high 
fat diet (cf. table i). The mean sun'ival time for animals in Group II, comprised of 
rats weighing approximately 270 gm. at the beginning of fasting, was 15.3 days for 
the high carbohydrate group, and 19.7 days for the high fat group. It ma}' be noted 
that tlie average percentage of bod}'’ weight lost before death supervened was similar 
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for both series of animals maintained on similar diets: 45,5 per cent and 45.8 per cent 
after a high carbohydrate regime in Groups I and II, respectively; and 54.3 and 51.7 
per cent after the high fat diet. . ■ 

The voluntary activity of the animals in Group II was quite variable throughout 
the fasting period and exliibited a pre-mortal rise in all animals (cf . also 6) . Although 
those animals previously on the high carbohydrate diet tended to be more active than 
the fat-fed rats, the differences observed were not significant during the early fasting 
period. Thus, in the first week of fasting, the number of cage revolutions per day 
recorded for 7 rats previously on tlae high fat diet was 106 ±32 (mean ± standard 
error). The corresponding figure for 5 animals in the high carbohydrate group was 
194 ± 76. After the first week, the animals in the latter group were definitely more 
active; in several cases, this increase in voluntary activity appeared to be associated 
with approaching death. The premortal rise in activity was also shown by the rats 
previously fed fat, but at a later time. A similar difference, in part due to the earlier 


TABI.E I. INFLUENCE OF PREVIOUS DIET ON THE COSIPOSITION OF LIVER AND KIDNEY IN EATS 

FASTED TO DEATH^ 


PREVIOUS DIET 

NO- 

OP 

EATS 

SURVIVAL 

THIE 

1 

INITIAL 
PASTING 
BODY WT. 

TOTAL 
PASTINC 
vrr. LOSS 

LIVER 

lYT. 

LIVER 

NITRO- 

GEN 

LIVER 

LIPID 

KIDNEY 

WT. 

KIDNEY 

NITRO- 

GEN 

KIDNEY 

LIPID 



days 


% 

imjioo 



gmfjoo 

Sm. 



Grtntp I 











High CHO 

6 

24 . 6 ±o .6 

38.8*2.7 

348 ±S 

3 S 2±6 

4 S.Si:I.I 

S 4 . 3 ±l-o 

1.17*0.04 

1.23*0.08 

39.1*1.2 

39.2*2.1 

50 .S± 3.4 

iS’7M-3 

0.79*0.02 

0.83*0.03 

24.4*0.8 

25.4*0.8 

34 . 1 * 2.8 

33.6*6.0 

High fat 

5 

Group 11 


High CHO 

8 

iS. 3 ±o .4 

I 9 . 7 ±o -8 

272*3 

26 s ±3 

45-8dbo.8 

Si. 7 ±o .9 

1.44*0.06 

1.36*0.09 

47 .S± 2 .o 

46.0*2.4 

21.7*1.1 

22.0*4.3 

0.89*0.02 

0.80*0.07 












» The values shown represent the mean ± standard error, and are expressed as mg/ioo-sm. body weight, except 
where noted otherwise. 


premortal rise in the carbohydrate-fed rats, was observed in the exercise and fasting 
experiments of Samuels c/ al. (6). The differences in survival time and metabolic 
behavior, however, were greater than can be accounted for by the differences in ac- 
tivity. It may also be noted, in passing, tliat no significant difference was detected 
in the basal metabolic rates of similar rats kept on these diets (3). 

The sparing of the carbohydrate stores of the body in fasted animals previously 
fed a high fat diet has already been reported; this was manifested in the earlier studies 
by a slower disappearance of liver glycogen (12) and a slower fall of blood sugar under 
a wide variety of conditions (3 , 4, 6) . In the present investigation this sparing action 
was again seen in the slower decline in blood sugar in the fat-fed animals of Groiip II, 
as compared to that observed in animals fasted after maintenance on a high carbo- 
hydrate regime (fig. 2). Higher levels of blood sugar were present in the fat-fed 
group throughout the early fasting period. After the first week of fasting the blood 
sugar levels tended to be similar in both groups. The level of the blood sugar toward 
the end of the second week averaged approximately 60 mg/iooml. in the high carbo- 
hydrate group and about 65 mg/ioo ml. in the high fat group. Although the blood 
sugar levels .were not followed beyond the end of the second week, it has been found 
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in similar sUicIics that llic dilTcrcnccs lend t») disappear lids time, and that, t<>nni» 
jially, <i)C levels increase sharp))* in both /groups of animals (6). 

The shape of the blood sugar curves during fasting indicates that soon after 
initiation of the fast, the metabolic requirements of all animals v.'ere probably being 
supplied largely from non-carliohydratc sources. 'J’hc carbohydrate stores have been 
shown to be depleted within 48 hours of fasting in a similar .series of animals pre- 
viously fed higli fat and high carbohydraie fiiets (12), 'J*hc upswing in the blood 



_ Fig. 3. iNceur.KCi: or dikt on the urinary ewretion of nilrosen during feeding and ?ut.«cgucnt 
fasUng. TIic dotted line represents the average c.xcrelion for animals fc<! the high car twhydratc diet ; 
indi\adualyaluc.s arc indicated by open drcJc.s at the middle of each collection period. Similariy, 
tlic solid line and solid circles represent the avcr.nges and individual cacrctioii values for animals 
maintained on the high fat diet. 


sugar curve in both types of animal 3 days after removal of food suggests a sparing 
of carbohydrate hy the accelerated uliliz:iiion of otlicr energy sources. As will be 
demonstrated below, fasting apparently resulted in an increased catabolism of pro- 
tein in the carbohydrate group and an augmented metabolism of fat in the fat-fed 
animals. 


During the feeding period, both dietary groups of animals c.xcrcled appro.vi- 
mately the same amount of nitrogen in tlic urine (fig. 3). Tins indicates that the 
level of protein catabolism (and anabolism) was similar in both groups during feeding. 
Soon after mihation of the fast, however, Uic carbohydrate-fed animals began to 
excrete significantly more nitrogen tlian the fat-fed group. Premortally, ^■crv larr^c 
amounts of nitrogen, larger than e.x-creted during die feeding period, were found in 
the urine of the former group. Since the blood sugar level of a fasting animal would 
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presumably be rapidly reduced unless replenished from, some other source or spared 
by the utilization of some other foodstuff, it appears likely that the carbohydrate-fed 
animal was not only obtaining its energy from protein sources, but that gluconeo- 
gehesis was also proceeding at a substantial rate even during the later fasting period. 

The relative sparing of carbohydrate exhibited by the fat-fed rats was appar- 
ently due to a higher rate of fat utilization. Figure 4 reveals that the urinary excre- 
tion of acetone bodies was higher in this group than in the carbohydrate-fed group 
throughout the entire feeding and fasting periods. At the institution of the fast, a 



Fig. 4. Inflxjence of diet, on the urinary excretion of acetone bodies during feeding and 
fasting. The dotted line represents the average excretion for animals fed the high carbohydrate diet; 
individual values are indicated by open circles at the middle of each collection period. Similarly, the 
solid line and solid circles represent the averages and individual excretion values for animals main- 
tained on the high fat diet. 

very lugh rate of acetone body excretion was seen in both groups, but this was main- 
tained beyond the first week only in the high fat group. In the latter group, more- 
over, the fasting increase in acetone body excretion was associated with a decrease 
in the excretion of nitrogen. 

The influence of previous diet on the nature of the metabolic mixture used during 
fasting is also delineated by the results in table i. It has already been shown that 
previous fat feeding increases the storage of fat in the liver and carcass of the rat (12), 
but has no effect on kidnej’’ lipid (4), or on liver, kidney, or carcass nitrogen (4, 5). 
In the present investigation, previous diet resulted in no significant differences in any 
of these values which were measured at the time of death. Since the high fat animals 
survived longer, organ nitrogen was apparently spared at the expense of organ fat. 
The relative levels of nitrogen and acetone body excretion in the two dietary groups 
during the fasting period permit a similar conclusion for the over-all metabolism of 
the animals. 
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The results indicate that those animals previously fed the diet In'Klt in fa? hcfamc 
adapted to the metabolism of fat during the feeding [xrtod. ’i'his was cvidtuircd by 
the higher level of acetone body excretion during this lime. This prefert rd b! u{iH/.a‘ 
tion of fat continued in this group throughout the subsequent fasting {.erh-d. as sluy.vn 
by the maintenance of a liigh level of acctoiic body excretion a.nd a spariiu' of carbo- 
Jij'dratc and protein. In the carbnhydmtc-fed group, ho-.vevcr, the (uiikitton of 
carbohydrate for energy was apparently accelerated during feeding, and was .heps at 
a high level after initiation of the fast. The carbohydr.atc stores in tlses-; animals 
would presumably be depleted rapidly during fasting, were not energy fortijcoming 
from some other endogenous source. The rc.sults demonstr.atc that protein cita* 
holism supplied this requircmcjit. It ainnot be detennined from tite pre-rat d.at.a 
what portion of this protein was converted to glucose before being liurnct!. The 
shape of the blood sugar curves suggests, however, that gUiconcogcne.d? occurred to 
some extent throughout the fn.sting period in both groups of animals. 

The longer sirndval lime of the high fat animals duri.ng fasting was, in .all li.kcli- 
hood, related to the sparing of tissue protein by the continued utili.Mtiun of fat and 
a belated reduction in spontaneous activity. .As a result, the iirotein requirements 
of the organism for the production and maintenance of essential celiubr ennstiiucnts 
were not as rapidl}’ depleted in (he high fat group as in the liigh carboliydratc group. 


.SU.M.\tAl:Y 


The ability of the rat, previously forcc-fed a high fat diet for 6 weeks, to surx'ive 
longer during fasting than similarly treated animals previously maint.iined on a liigh 
carbohydrate regime, appears to be related to the capacity of the former prep.aration 
to continue burning mainly fat for cnerg>’ during the fasting {H'riod. thus sp.inng 
carbohydrate and protein stores. This was evidenced by an cnhanceti excretion of 
acetone bodies in the fat-fed group, a slower rlisapiHvarance of blood sugar, and a 
lowered rate of nitrogen c.xcretion after initiation of the fast. On the other I’.and, the 
apparent rapid depletion of carbohydrate stores in the carbohydrate-fed animal after 
the deprivation of food, as indicated by the rajiid e.arly ilcciine in blood sugar, was 
followed by increased utilization of protein for cnerg}-. It may be deduced that the 
earlier death of the animals in the latter group was associated with, a more rapid 
depletion of body protein to the point where there were no longer sufiicient auantitic.': 
of this substance available to satisfy the minimal requirements of the organism. 


REFERENCES 

1. Roberts, S. and L. T. Samuels. Bull. Minn. Med. Foundation 4: 55, 1944. 

2. Samuels, L. T. J, Am. Dietcl. A. 22: 843, 1946. 

3. Roberts, S., L. T. Samuels and R. M. Reineckk. Am. . 1 . PhysM. 140: 630. 1014. 

4. Roberts, S. and L. T. Samuels. Am. J. Physiol. 146: 35S, 1946, 

5. Samuels, L. T., R. M. Reinecke a.nd H. A. Endocrinol oz\- 31: 33, 19-;. 

6. Samuels, L. T., R. C. Gilmore and R. M. Reinecke. J. Nulr'ifion 36: 63o'7o48 

7. ^INECKE, R. M., H^A. Ball and L. T. S.XMurm, Proc. Soc. Exper. Biol & Med. 41 : 44, 1939. 

8. Roberts, S. and L. T. Saxiuels. Proc. Soc. Exper. Biol. & dfed. s?- 207 loi- 

9. SOBEL, A. E, H. Yuska .ind j. Cohen. .L Biol Chem. nS: 443, 1937. ' 

10. Van Slyke, D. D. J. Biol. Chem. 32: 455, 1917. 

11. Rkinecki-j R. oVr. J, litol, Chou* 143* 35 i> 1942. 

12. SAMUEI.S L. T., R. U. Reinecke and H. A. Ball! Proc. Soc. Exper. Biel S: Med. .,9 : 456, 1942. 



MECHANISMS OF METABOLIC INHIBITION BY 

HEAVY METALSi 
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CHICAGO, ILLINOIS 

P REVIOUS reports on the electrochemical properties of the synovialis have 
distinguished at least two types of membrane or boundary potentials. With 
many ions the potentials are of the magnitude predicted by the theory of 
diffusion potentials, and in a considerable number of cases are highly correlated with 
ionic mobilities in aqueous solution (i). Potentials of this type may be conveniently 
termed Planck potentials. In distinct contrast with these are the potentials pro- 
duced at the internal surface of the synovialis b}'’ a large number of metabolically 
active substances, including cytochrome inhibitors, heavy metals and thiols. The 
high potentials occurring in the presence of low concentrations of metabolic inhibitors 
are not explained by the Planck or Henderson theories of diffusion potentials. Evi- 
dence has been presented that the effects are related to changes in the source or ter- 
minal potentials of the cytochrome system. Specifically, the hypothesis was made 
that the change of potential measured was directly related to the average difference 
of potential between the electron acceptor components (cytochromes h and c) and the 
electron discharging, or terminal component, normally cytochrome oxidase. Under 
the experimental conditions, many of the potentials were reversibly reproduced by 
aspirating apd replacing the solutions in the joint cavity. The potentials thus evi- 
dentl)'’ are produced at the inner bounding surface of the cavity. That the difference 
of potential in the cytochromes of the surface structures is the determining factor was 
evident from the relation of the potentials to known effects of the agents on en- 
zymes (2). 

As a continuation of the preceding studies, observ^ations have been made on the 
effects produced by certain heavy metals introduced into the knee joint cavity as 
chlorides in isotonic (0.15 ar) NaCl solutions; The original observations, which were 
restricted to concentrations giving maximal potentials, have been extended to include 
a wide range of concentrations. The object of the experiments is to obtain a detailed 
comparison of the effects of five heavy metals; copper,, iron, mercury, gold, and co- 
balt, over a wide range of concentrations. This can be regarded as a necessary first 
step in w'orking out the mechanisms of heavy metal activation and inhibition. 

Received for publication March II, 1949. , , , 
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All experiments were performed on the knee joints of dogs nrir;Ah(:ti;;ed hy intra- 
peritoneal injection of 3 per cent sorlium pcntabarbital, a dffsape of 0,5 cc. per jwuiKl 
body weight being given. Approximately equal numbers of normal male and fcnralc 
animals were studied. Synovial membrane potentials were me.asured by the modified 
method described in the preceding paper (2). In all in.'^tanccs the liquid junction was 
made with 0.15 M NaCl in the subcutaneous tissue connected to the reference cabnicl 
electrode by means of a .saturated KCl bridge, fly me.rns of a ‘utturaSm KCi agar 
bridge, junction was made at the indicator intra-articular electrode with dilute nenlnd 


T.VIU.1: I. luTCcrs or itr.AVv MirrAi. mxs os* KVj.rjv.'At 


AvriAcr rvsTtrrrjUA j>: 


COS’Cir.VTRAtlON OT WI'TAt 




JON, Mtll./L, 

1 Cu*’ 

i »>•*• I 


A-j"’ , 

7.. 5 X lo-"* 

i 7 

J \ 

S ■ 

1 } 

* 

17 ; — 

7.5 X 10-’ 

; 5 


'* / 

55 i 

7.5 X 10-’ 

! 0 

\ -0 1 


:S ■— 

7.5 X 10-’ 

> 4 

1 -*« 1 

w t 

4 ■ 

: 

7.5 X io"‘* 

I 

! -6 1 

» * ! 

2 f * » * 

7.5 X io“‘ 

^ - 

!. —1 i 

5 ‘3 i 

‘ j 

7.5 X 10 * 

i 140 

j (>7 : 

i 

! M 

7-5 X IO-’ 

i 

1 ! 

3 o; 

} 

S; j! 

1 

No. cxpt'rimcnl."^ 

...,| 8 

i = i 

-t ! 

4 i 5 

• Potentials produccii at .•vrlicuhr surface of the s>*novial rr.cwiir.inc hy ruet-illa; r.hloncie in 

isotonic NaCl solution. 

The inili.al stable NaCl potential is 

taken asrero rc.^rencc point. 

solutions of heavy metal chloride in isotonic NaCl. 

'file sign 

of theixjtential is taken 

as that of the indicator electrode connected to the 

internal bound.ity* of the joint 

cavity. 





The effects of 

Cu-"", Fc’* '"^, 

All ’ "-* , 

and Co’*’ 

ions in various con- 


centrations were determined. The value of the resting {xitcntial difference across 
the synovialis was determined with 0.15 M NaCl in the joint cavity. Tlie synovia! 
cavity was aspirated and washed with this solution until a sufficiently constant read- 
ing was obtained. The cations were employed in concentrations increasing exponen- 
tially by a factor of 10 from 7.5 X io~*°Mlo7.5 X The lowest concentration 

of each salt was first studied by application to the intra-articular surface, readings 
being taken for one minute of e.xposurc. At tlie end of one minute the solution was 
replaced and two additional readings were taken at half minute iutccvals. Average 
values for the four readings were computed. Before application of the Jie.am* metal 
solution, of ne.xt highest concentration, the joint cavity was flushed three times with 
0.15 M NaCl, potential readings being taken witli each replacement. The average 
values of tliese three readings afford criteria as to the stability of tlie beam* metal 
potentials. 

Witli tlie original stable NaCl level as a base of reference, the average values ob- 
tained for the 5 heavy metal chlorides are presented in table i. Four representative 
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experiments are shown in figures i to 4, in which the stabilities of the potentials are 
indicated by comparison with curves representing the average potential of 3 successive 
replacements with pure isotonic NaCl. It is clear from the figures that the NaCl 
values are roughly parallel to those obtained with the test solution. The high posi- 
tive readings were brought dowri to the original NslCI level only-after repeated rins- 
ings with isotonic NaGh In riiany instances, the original level could not be restored 
with NaCl unless- an effective thioTreducing agent such as glutathione is added in 
about o.oi M concentration. The heavy metal effects differ in this respect from those 
of many other inhibitors such as cyanide, iodide, sulphide, etc., which are easily re- 



Fig. I (left) Efpect of cupric ions on potential 
Fig. 2 (right). Effect of ferric ions on potential 

metal ions. The cur\^es for all but gold are relatively flat at concentrations up to 
about ib“® or higher.’ With mercuric arid auric ions, a maximal positivity was at- 
tained in the rieighborhoOd bf m. Copper also showed maximal positivity at 
about that concentration, but the maximum was far less sharp, and did- hot always 
occur. Cobaltous ion showed a definite maximum iri the same region but the ^ect 
was'much sinaller than that obtained with ions in the higher state of oxidation. Be- 
cause of its great instability, "cobaltic ion has not been studied. At concentrations 
lower than. 7.5 X.io“®, ferric ions consisteritly yielded potentials more negative than 
the NaCl base line. Copper and mercury occasionally showed this' effect at very 
low coridentrations, but on die averagri produced s^^ly positive potentials. 

\\diile the experimental results' showed cm^tent similarities in the potential- 
concentration curves of all the heavy metals^^ept cobalt, they also revealed idiosyn- 
cracies characteristit of each metal. :%ri^xample, at all concentrations up to the 
highest, gold 3rielded the mostpositiv^.otential, but at the highest concentration, 
7.5 X i6~® M it was the lowest in the series. In contrast with all the others, gold ex- 
erted high postmty at very low concentrations. The behairior of irori was in decided 
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contrASl, for it was liigiicsl in the &crjt:5 nl liio liiglicst conccnltiiuon, 7*5 ^ 
but lowest fit concentrations of 7.5 X io”‘ and less. Cobalt v.vus not comparable, for 
it had been studied only in its slate of lower cadence. Mcrcufy and copper fell be- 
tween iron and gold at all concentrations, with mercury showing a sharp masinuim at 
7.5 X 10“^ M, at whicli concentration copper reached a relatively flat nwxlmum. At 
the lower concentrations, iron was consistently negative, gold consistently jyasitsve, 
while copper and mcrcur)' produced cither low jyjsttive or negative fKitcntials, the 
average in both eases being slightly positive. 



Fig. 3 (/c/O* Errr.cr or «r.KCCRic ions on potentb! 
I'lg. 4 (rijD). Erreex or aorjc Sons on potential 


With respect to stability of the potentials there were also consistent and charac- 
teristic differences among the metals. The least stable potentials were those pro- 
duced by gold, especially at the highest concentration, 7.5 X io~* M. At this concen- 
trationi, it typically showed a veiy high initial {wtcntial of 400 to 500 mv., but this 
fell very rapidly, within 5 or 10 seconds, to a comparatively stable level. At this level 
readings taken over a period of one minute agreed consistently with those Uikcn under 
similar conditions during a second washing with tlic solution containing gold. Iron 
is the only other metal which showed a tendenej' for the |X)tcntinl to decrease from 
its initial value. However, tlic initial potential, unlike that of gold, was found to be 
of approximately the same magnitude as the more stable jwtcntials obtained by 
longer exposure. Copper and mercuiy- showed less tendency* to give unstable poten- 
tials than eitlier of the others. Cobaltous ions gave appreciable potentials only at tlic 
higher concentrations, 7.5 X lo"^ m and above, and these potentials tended to drift 
upward. 

With respect to stability of the potentials after rinsing with isotonic NaCl, there 
were equally characteristic differences. With this as a criterion, mercury, copper 
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and iron appeared to be most firmly fixed in the tissues, while gold was more easily 
removed by rinsing with saline solution. An apparent anomaly sometimes occurred 
at concentrations higher than that which produced the maximal potential. This is 
illustrated for mercury in figure 3 . "WTien the solution containing HgCl2 at 7.5 X io“® 
M was replaced with NaCl, the potential fell only slightly. WTien, however, the 7.5 
X 10“^ M solution was replaced, the considerably higher potential fell to a low level. 
It seems evident from the nature of the potential-concentration curve in figure 3 that 
removal of approximately the same fraction of inhibitor in each case could lead either 
to a sharp drop in the potential or to only a slight change. The stability of the poten- 
tial with washing depends, therefore on at least 2 factors: the stability of the com- 
plexes formed by the metal in the tissues, and the slope of the potential-concentration 
curve in the region in question. If the slope in this region is negative, i.e., if the 
potential falls as the concentration is increased, then removal of a fraction of the 
inhibitor may actually result in an increased potential, which may approach the 
maximal potential. 

It is clear that for any of the heavy metals the ratio of free to fixed metal depends 
on the total concentration. For example, it would appear from the shape of the 
curves for iron (fig. 2) that this ratio is high at the highest concentration, for the 
potential at this point falls by almost 50 per cent after the rinsing with NaCl, as com- 
pared with about a 10 per cent change at the next lower concentration. An effect of 
this kind would be predicted as a consequence of saturation of chemical groups 
available for complex formation. 

DISCUSSION 

Attempts to explain the origin of the positive or negative potentials produced by 
contact of heavy metals with the synovial tissues depend on a general theory of tissue 
potentials. As a working hypothesis, it has previously been proposed that the effects 
are brought about by changes of potential in the cytochrome system at which elec- 
trons are transferred to the cytochrome acceptor component (source potential) or 
discharged to oxygen or another terminal electron acceptor (terminal potential) (2). 
The effects have been referred to the cytochromes for the following reasons: They 
are distinguished from other enymes by the fact that they are electron acceptors 
and donors. Electrons combine with the ferric forms of the enzymes, forming hydro- 
gen ions (protons) from hydrogen donors. The electrons are transferred to oxygen, 
the terminal electron acceptor, via cytochrome oxidase, the component of the ystem 
which has a redox potential corresponding to that of a rather strong oxidant (3). 
Cytochrome h and cytochrome oxidase, unlike most of the components of hydrogen 
transport mechanisms, occur predominantly in the solid structures of cells. Accord- 
ingly electrons are conducted along a potential gradient in the solid phase. Electro- 
chemically the system may be supposed to function in some ways analogously to a 
platintun electrode connected to 2 solutions of different redox potentials. In revers- 
ible electrode reactions hydrogen may be split into protons and electrons. By con- 
duction to the other solution the electrons combine with oxidants such as protons, 
the higher valence states of metallic ions, or oxygen. In the case of the cytochrome 
system the terminal electron acceptor is normally oxygen. 
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On the basis of Uib !i> 7 )otlicticai ntcehanism, elrctrodieniical consKicrat'ons 
have led to an approximate formulation for o!?5crvcd pejtenttal dificrersces in the 
presence of inhibitors or acti%'alors (a) 

- kI ~ Ku (0 


v/hcrc E,t is the mean difTcrcnce of {Kitenf ial belwcct! source; and ttrrniiu-d in the cjdo- 
chrome system. E*t refers to the unafiecied, normal side of the bio!oj;lca! memlnar.e, 
while E^t refers to the sidt; on which the inhibitor or activator If applied. Itt apply- 
ing this formula, it is convenient to assume t})a( E!t is c/)ristant . Ohscn*cd potentials 
are thus assumed to depejul csscruialiy on mean difftTtnr.c;s of |»tental between tijc 
source and terminal cytochrome tomjwnentf., the jH)tentials of v/hic'n vary in the 
presence of activators or inliibiiors. 

On the basis of this hyjwthcsis, the rhects of a large rsutnber of v.ctivc substanctr? 
have been explained either as known direct cfTects on the cytorlirome system, ora? 
effects on hydrogen transport systems or enrymes coupled with th.e tv'todtromes. 
Accordingly inhibitors or activators arc to be classified as to their actimi on source or 
terminal potentials. 'Piicy m.a}' act directly on one of the cytodsro.mcs, as for exampiC 
cyanide or sulphide, or they may act primarily on a isydrugen transiwrt system. By 
blocking or facilitating metabolic puhway.s, reagents m.a)' cli.angc the source p/atent i.al 
at which dehydrogenation is coupled with the splitting of electron.^ from protons at 
tlie cytochrome level. E^uatiot: x liccomcs inaccurate when there is appreciable ionic 
conductance as well as electron conduction across the membrane. Tiusore* ically it is 
accurate only for boundaries without ionic transference. 'J’he effect of increasing 
ionic conductance is to lower the obscrvcrl polcnti.al, the .source and terminal {Wlcntial 
being constant. Consequently, potentials calculated theoretically from known levels 
in the cytochrome system are upper limits which observed poteiUb.ls can approach 
when ionic transference is negligible. 

_ In applying equation x to the c.xpcrlmcntal results, it is convenient to break 
E„ the variable term, into a terms, representing the mean source potential and the 
mean terminal potential. 


F = F 


e: 


o) 


Thus, according to equations i and 3, an increased source {wtcntial, E,', results in a 
positive qbscrv'cd potential, while an increased terminal potential, Et, has the opjx>- 
site effect. 

Oathc basis of these considerations, the characteristics of the hca\y metals may 
be considered. Gold differs from the others bj' yielding a rclativxly high jxjtcntial at 
concentrations as lo\v ,as io~‘ m. As with ferric and mercuric ions there is a sharp 
increase in positivity in the region of io~^ ?,r. l^urthcr, as with mercur}% there is a 
sharp maximum in the region of io~^ m. Gold may he distinguished from the others 
by theffact that the trivaicnt auric ion is reduced b}' accepting e electrons. This 
would require trimolecular collisions with reducing agents that yield one electron. 
Considered as an o.xidation-reductiqii system, auric-aurous ions are at tlie o.xidative 
extreme of the s 3 '^stems studied; the auric ion is capable of oxidizing ferrous,, cuprous 
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or mercurous ions. Cobaltic ion is a more powerful oxidizing agent, but has not been 
studied because of its instability.. ' The high positivity shown by gold at very low 
concentrations should probably be interpreted as an increase of the mean soiurce po- 
tential, E^t, by oxidation of cytochrome h, cytochrome c, or both, either directly or 
^ through intermediate steps. Cytochrome h is the component of lowest redox poten- 
tial (4), and accordingly the most readily oxidized. It has been shown that cupric 
ion, .which is a much weaker oxidant than -the auric ion, is capable of oxidizing the 
cytochromes (5). . ! v; 

The fact that the potentials are stabilized with all the heavy metals up to con- 
centrations of lo'^ M or higher, would seem, to indicate the reduction of the metallic 
ions by protective substances, possibly glutathione atriong others, until the concen- 
tration of metal becomes excessive. According to the experimental results, glutathi- 
one has a strong tendency to abolish the potentials, in comparison with NaCl as a 
rinsing agent. The thiol was applied in .01 m concentration in isotonic NaCl. More- 
over the potential. has been found to be minimal, when the tissues have previously 
been washed with glutathione. Evidently each of the metals is-capable of forming 
complexes which may or may not affect the source potential. ■ The auric complex, for 
example, tends to accept electrons from the cytoclirome source, 6 or c; but the tissues 
are protected from the much more powerful oxidizing tendency of >the free auric ion, 
-no sharp increase in the observed potential occurring until the metal concentration 
reaches approximately lo"'* m. In contrast with gold the ferric ion complex produces 
a slightly negative potential,. but a sharp increase occurs at about the same concen- 
tration of metal, Mercury and copper at low concentrations are stabilized 

near the NaCl base line, but at concentrations in the neighborhood of io~® M the po- 
tentials increase sharply, reaching a maximum at 7.5 X io~^ H. Accordingly,, in each 
^case, breaks in the curves occur at concentrations where free o.xidant ions occur in the 
tissues, and direct oxidation of the source cytochromes takes place. The fact that the 
sharp increase of potential occurs at a lower copper concentration than with iron or 
■gold may be related to the strongly catalytic effect of copper ions on the oxidation of 
glutathione (6, 7). Pyrophosphate, which is a specific reagent for iron inactivation, 
does not inhibit the oxidation of glutathione in biological systems but activates it (8). 
Thus iron must be regarded as an inhibitor of glutathione oxidation, a fact which may 
be related to its tendency to yield negative potentials at low concentrations. Iron, 
as is e'sddent frOm the data of table i, gives a potential of only 67 mv., on the average, 
'at a concentration of 7.5 X lo'^, and gives its highest potential at a concentration 10 
times greater. The facts thus point to glutathione as an important stabilizer of the 
source cytochrome potential, and particularly indicate its importance in protecting 
against heavy metal oxidants. In addition to the direct oxidation of the source cyto- 
chrome component resulting in positive potentials, the results also yield evidence as 
to the importance of catalytic oxidation of glutathione, as with copper ions, and as to 
the importance of inhibition of glutathione oxidation, as with iron. 

In the light of theoretical considerations the magnitudes of the potentials at the 
maximal levels appear to be significant. These are of the order of 150 mv. with cop- 
per and iron, 180 mv. with mercury and 230 mv. with gold. These figures compare 
with a difference of 300 mv. in the levels of cytochromes h and c, as estimated by Ball 
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(3), Tliis vrilue represents, according to the Jjyjjothesis, a llKrorctical mjiK-x linrU of 
the effect, which would 1)C ohtiuned by sliifting the cy tochrome source fyjteatJal from 
that of c^'tochromc b to that of cj-tochromc c. On the bass? of the hjixithc'ts, the 
results can be interpreted as follows. At concentrations of about to"* it heavy rnetal 
oxidants have reached a lower limiting concentration above which they art able to 


oxidize cytochrome h directly, and inactivate it as an electron dtsnor to the Inghcr 
c^doebromes. Cytochrome c remains available ns an electron acceptor tlmu'/n suc- 
cinic dehydrogenase and other enzymes and carriers. It h.ts be«i shown Inal the 
oxidation of glutathione by c>‘tochromc c is mediated probably by a cop[r3r enrymt 
(6). Succinic acid is oxidized by cytochrome c, the reaction being inhibited by either 
iron or copper inhibitors. Tlicsc reactions arc sufficient to account for a shift of 
source potential from the cytochrome b to Ujc c level. Copficr, for exarr-pte, would 
activate such a process at a minimum of 3 [wints; the catalytic oxid.ition of gluta- 
thione, the direct oxidation of tytodiromc h, and the coupling of hydrogen transport 
systems to cj'tochromc c. Iron would have similar effects, txctpt for its Lnhibitioa 
of glutathione oxidation. 

An additional properly of the jx>tcntiabconccntration curves remains to be con- 
sidered, namely the sharp maxima observed at al>out 10“^ ai concentration of auric or 
mercuric ions. These ions arc more [wwcrful oxidants timn ferric or cupric ions. 
The mercuric-mercurous system has a standard redox potential of o.poT volts, co.m- 
pared with 1.36 volts for the gold electrode and 0.81 volts for oxj'gcn at pu 7.0*. 
According!}', either ion in the h.alf oxidized state is capable of oxidbJng cytfKhrome 
oxidase, which is itself oxidized by oxygen at the tensions prcxuiiUng in tissues. Ac- 
cording to equations j and s, oxidation of cj'lochromc oxidase increasing the terminal 
potential, E(, has the effect of decreasing the obscr\'cd jxitcntial. The effect is oppo- 
site insign to that ^ oxidizing the acceptor components b and c, which leads to a high 
source potential, E„ and to high positive observed jxitcnti.als. Tiic decrc.ise of 
potential observed at high concentrations of gold or mcrcurv’ is thus comparable to 
the negative potentials produced by iodine or hydrogen peroxide, which, apparently 
like o.xygen, are electron acceptors from cj'tochromc oxidase. 


STJitXLVRY 

The effects of cupric, ferric, mercuric, auric, and cobaltous ions on the membrane 
potential across the synovialis have been determined in tlic knee joints of dogs. All 
the ions yield relatively small potentials up to concentrations of appro.ximately 10-* 
or 10-’ M, at which level there occur sharp positive increases. Only gold produces 
appreciably positive potentials in lotver concentration ranges. On the basis of theo- 
retical considerations the results are explained as oxidation of the electron acceptor 
components of the cytochrome system, cither directly or indirectly. Protection of 
the tissue against heav}' metal oxidants at low concentrations is interpreted as reduc- 
tion and complex formation, wdth glutathione and other components. Individual 
characteristics of the metals arc explained on the basis of this interpretation. 


> Data from International Critical Tables. 
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YVRKED variations in the choliner.torajic (ChK) activities of ft<l hitK 
have been noted itj unennas. Sabine (i) and more recently Meyer r! cl 
(e) have noted that low erythrocyte CliH activity c^ccurs in patient.n with 
pernicious anemia in relapse. With the institution of adequrste thcr::py t?;e ChL 
activity of the red blood cells soon rises to above normal levels and then irtort f lo’.vly 
decreases to the normal range. Krythrocyte.s from p.aticnts v/ith nnembf. due to 
increased blood destruction or loss of blood have been found urujilly to niannest sn 
elevated ChE nctivdty. 

No adequate e.vplanation lias been oEcretl to account for the-c inttrcyjng 
observations. This investigation wap undertahen in an attempt to elicit t.he 
mechanisms responsible for surh variations in erythrocyte ffhE ;'.<'tivity tn 
anemias. 


r-KTr.niHKSTAL 

Male albino rats weighing 230 to 2S0 gm. were tised for the study. Erythrocytes 
were obtained by bleeding from the tail into warmed hcp.irini.rcd saline or by bleeding 
directly from the aorta if the animal was to be discarded, Etlicr anesthesia did not 
alter the ChE activity of the red cells. The ciythrocytcs were washed twice with 3 
volumes of normal saline. 

ChE activity was measured with a Warburg manometer; 0.4 ml. of erythrocytes 
were hemolyzed in 3.0 ml. of 0.025 vt sodium bicarbonate solution. In the sideinn 
was placed 0,2 ml. of accUdeholine bromide solution; the final concentration of acetyl- 
choline was 0.015 The system was gassed with a mi.vturc of 05 per ctmt X* and 5 
per cent CO2 for 10 minutes; the temperature was maintained at 37'°. Starting 10 
minutes after adding the acetylcholine from the sidcarm, the COi liberated during 40 
minutes was measured. Production of CO2 by spontaneous hydrolysis of acetylcho- 
line was determined in the absence of red cells. The CO; production due to ChE 
activity was found to be linear during the 40 minute period. This is essentially the 
method of Ammon (3). 

The ChE activities were not calculated as mean cell esterase activities since little 
variation in the mean corpuscular volumes of the ervrihrocytes was found. 

Seven normal rats were subjected to repeated bleeding and the ChE activity of 
the red cells was determined at each bleeding; blood containing i.S to 2.-: ml. of 
erythrocytes was removed every 48 hours. Progressive increases in ChE activity 
occurred ; after four bleedings the erj'tlirocyle ChE activity was found to be at !e.ist 

Received for public.ation March 7, 1949. 
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loo per cent, greater than originally present. Reticulocytoses of 50 to 80 per cent 
.were observed. One rat (ra/ C) inadvertently continued to bleed from the tail during 
the third 48-hour period. When erythrocytes w^ere next obtained, an increase in the 
ChE activity of 160 per cent was found, accompanied by 82 per cent reticulocytes. 
The rat died shortly after this bleeding. 

Three of the rats after a rest period of 14 to 16 days were again bled. The 
erythrocyte ChE activities were found to have decreased and were only 5 to 15 per 
cent greater than originally present. Bleeding every 48 hours was continued. The 
erythrocyte ChE activities were again increased at rates similar to those previously 
noted. The results for 4 rats are shovm in figure i. 



4 a IJ W W 

DAYS 


Fig. 1. Increase in rax ERyxHEOCYXE cholinesterase activity followng repeated hemor- 
rhage. At each of the points on the figure 1.8 to 2.2 ml. of erythrocytes were removed. Each 
point represents the percentage increase above the original RBC cholinesterase activity. 

The observation that erythrocyte ChE activity is augmented following hemor- 
rhage prompted attempts to obtain from the same specimens of blood erythrocyte 
samples differing in content of reticulocytes. It was found that this could be accom- 
plished by centrifugation, taking advantage of the lower specific gravities of the 
reticulocytes. Heparinized blood from rats bled severely Once or twice 48 to 72 hours 
before was diluted with an equal volume of normal saline and centrifuged in an angle 
centrifuge at 3000 revolutions per minute for 10 minutes. The upper half of the 
packed erythrocytes was then separated from the lower half by aspiration. The cells 
were washed with normal saline, reticulocyte counts were made, and the ChE activity 
of each of the red cell fractions was measured. The adhesiveness of the reticulocytes 
made counting in the reticulocyte-rich half somewhat difficult since they were often 
found in aggregates after being so centrifuged. An aliquot of blood whose reticulo- 
cyte distribution was not altered by svich centrifugation was used to determine the 
erythrocyte ChE activity and reticulocyte level present before the reticulocyte dis- 
tribution had been altered.' .• . - i - 
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In the two experiments recorded in tnblc i it can be seen tliat the red cells from 
the lower part of the centrifugates had low rcliculocj'tc concentration {4 and 5^/c) and 
that the ChE activities were vcr>- similar to those found in Use original normal cr/thro' 
cytes at the time of the first bleeding. 'J'he red cells from the upper part of the cen- 
trifugate, however, ]X)SF.eHPcd much higher CiiK nctivitifis than were present in the 
lower or in the original erj'throcytcs. High rcticulocs'te concentrat ton? accompanied 
the elevated activities. The ChE activities of the un!raciionatcdtr>'!liroq.ie5 were 
found to equal, within the limit of e.xperimcntal error, t.hc average of th.c ChE activi- 
ties of the rcliculocv’tc-rich and rciiculocytc-jKior fractions. 

To attempt further to correlate increased erj’throcyte ChE activity \vjth recently 
formed erv'throcj’tcs, using the rcliculocv'tc concentrations as an imiicator of the 
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amounts of new cells present, di-isopropyl fiuorophosphatc (DEP) was administered 
to rats to destroy the cholinesterase in the existing red cells and then hemorrh.age was 
produced. DFP, recently dissolved in normal saline, was given intrapcritoneally in 
one dose of 0.3 to 0.5 mg. Twentj'-four hours later 2.0 to 3.5 ml. of crv’tlirocytes were 
removed from the tail of each rat. The ChE activity of these cells' was measured. 
With the doses of DFP used a reduedon in ChE activity of 10 to 50 per cent of normal 
was obtained. Rats so treated were axsanguinated from the aorta 4S to 72 houis 
after hemorrhage. The blood was centrifuged in an angle centrifuge as described 
above and again marked differences in the reticulocyte concentradons between tlie 
upper and lower erythrocyte la3'ers were obtained. Data are shown in table 2. The 
reticulocyte-poor lower layers of the centrifugates possessed ChE activities nearly 
equal to those of ^e eiytliroQ^tes obtained 24 hours after die administration of DFP. 
The ChE activities of the reticulocyte-rich erythrocyte fractions were again found 
to be much higher than those of the reticulocyte-poor fractions or of the original cells 
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obtained after DFP. The activity of each of the reticulocyte-rich fractions was pro- 
portional to the reticulocyte concentration within the limit of error in counting the 
reticulocytes. 

Normal rat blood subjected to the same procedure of centrifugation also yielded 
erythrocyte fractions possessing distinct differences in ChE activity. The results 
with normal blood so treated are shown in table 3. While the reticulocyte concen- 
trations were low in the upper portion of the centrifugates, the concentrations were 
distinctly higher than in the lower erythrocyte fractions, indicating a tendency 
of younger erythrocytes to collect in the upper part of the packed cells. The upper 
erythrocytes possessed ChE activities 50 to 70 per cent higher than the lower erythro- 
cytes. Erythrocyte activities of aliquots of blood not so fractionated were equal to 
the average of the activities of the upper and lower erythrocyte fractions. 


Table 3. Cholinesterase activity in normal 'practionated’ blood 
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DISCUSSION 

The data presented show that in the rat, concomitant with the. production of 
new erythrocytes following hemorrhage, marked increases in red cell ChE activity 
occur. These augmentations are not permanent, for ChE activities were noted to 
have decreased to near the original levels within 14 to 16 days after the last bleeding. 
That the ChE activity is greatest in young erythrocytes is shown by the use of centrif- 
ugation to alter the distribution of young erythrocytes in the same blood specimen, 
the blood being either normal or that obtained following hemorrhage. Using DFP 
to destroy nearly all the ChE activity of circulating erythrocytes and then producing 
hemorrhage, centrifugation yielded reticulocyte-poor fractions which contained few 
reticulocytes and which possessed ChE activities not much different from those of the 
erythrocytes originally present after DFP. The reticulocyte-rich fractions, however, 
showed greatly augmented ChE activities; the increases were proportional to the 
reticulocyte concentrations. 

Observations of the effect of hemorrhage and of the effect of altering young red 
cell distribution by centrifugation on the erythrocyte ChE activities of a small group 
of rabbits were also made. The results were very similar to those found in rats. 
Data obtained from the rabbit experiments have not been included in this report. 

Dr. Jean Sabine in a personal communication states that blood from a pernicious 
anemic during active reticulocyte formation, when treated as described above, yields 
reticulocyte-rich eiythrocyte fractions containing much higher ChE actmties than 
the reticulocyte-poor fractions. 

Neither the rate of decrease of ChE actinty, as the erythrocyte becomes older, 
nor the cause of such a decrease can be determined from these experiments. The 
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data suggest, hotvever, tlial at least one cause of the variatkms in erythrocyte ChK 
activity found in anemias is the lower ChH acti%'ity of older red cell*-, lluis in per* 
nicious anemia in relapse, where a majority of the erj'throej'tcs are older cells, the low 
ChE activity wliich is found would Ik‘ nnlidpateti. The increase in CdiK acti^dty to 
above normal levels following therapy as many new cells are rehvised Into the drcti* 
lation, shifting the cell population (o predominantly younger f rythrocyte?, and the 
gradual decline of ChE activity to normal a? a normal bal.itice of yoimger and ohlcr 
cells is reached, also can l>e explained by the difTcrcncc in f-hE .'K tiviiy of youo.gcr and 
older crj’throcydcs. 

In anemias due to increased blood tiestruciion or bhwd lo;nthe elevated rrytlsro* 
cyte ChE activities can l>c accounted for by the shift in the cell population to younger 
red cells. The ob.servalion of Meyer {4) that some cas.« of jevere hemolytic murtKh 
do not show elevations of erythrocyte ChE activity cannot In; explained, however, 
by this mcclianism. 


.SUJtMAKV 

Repeated hemorrhage in rats produces progressive increases in etythrucyte cho* 
lincsterase activity. Upon ccsicition of hemorrhage the ChE activity declirsea to 
normal levels. A\'hen centrifuged, rat ciylhrocv'tes distribute so that younger red 
cells are found in tlic upper part of the centrifugate, ntese red cells muds 

liighcr cholinesterase actidties than crv'throcytcs found in the lower regions of the 
packed cells. A possible mechanism explaining the v.ariatiorss of crytlsrocyte cho- 
linesterase activity in ancmia.s is offered. 
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INFLUENCE OF SNAKE VENOM ON MAMMALIAN 
ERYTHROCYTES IN VITRO 

V. B. PHILPOT, Jr. 

From the School of Medicine, Tulane University of Louisiana 
NEW ORLEANS, LOUISIANA 

F LEXNER and Noguchi (i) reported that snake venom would bring about 
agglutination of washed erythrocytes, but that serum or plasma containing 
complement was necessary for hemolysis. Kellaway and Williams (2), on the 
other hand, observed that the venom of certain Australian snakes and the Indian 
cobra would hemolyze the washed er^dhrocytes of certain species of mammals and 
that homologous serum or plasma mixed with the cells of many of these species would 
actually inhibit hemolysis. With the cells of certain other species, however, serum 
activated hemolysis. In \dew of this disagreement in the results of these American 
and Australian workers additional investigation of the problem seemed desirable. 

MATERIALS AND METHODS 

Vemms. These were from the water mocassin {Agkisirodon piscivorus), copper- 
head (Agkistrodon niokaseii), and rattlesnake (Crotahis adaniantens) and were obtained 
from Ross Allen’s Reptile Institute in dry powdered form. The water mocassia and 
copperhead venoms had been extracted 3 years before use, and the rattlesnake venom 
one and one-half years before use. Ross Allen (3) states that he ‘milks’ each snake 
only once after it has been captured. This venom is dried soon after extraction and 
kept in cold storage until it is shipped. 

Two per cent venom solutions were prepared by dissolving one part of dried 
venom by weight in 49 parts of 0.85 per cent sodium chloride solution by volume. 
When not used immediately, these solutions were stored at — 20° C. 

Bloods. These were obtained from man, dog, sheep and rabbit by means of 
venipuncture; Two to 3 ml. of whole blood were placed in 100 ml. of 0.85 per cent 
saline solution, and the remainder placed in a test tube and allowed to clot. Serum 
was obtained by centifuging the clotted blood and withdrawing the supernatant 
liquid. When not used immediately, the serum was stored at — 20° C. 

The saline suspensions of erythrocytes were washed six times in 50 volumes of 
normal saline and were finally made up as one or 2 per cent suspensions by volume. 
\A^en not used immediately, these cells were stored at 4-6° C. for not longer than one 
week. The canine erythrocyte suspensions were not kept after 48 hours from the 
time of extraction because they undenvent spontaneous hemolysis soon after that 
time. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Experiment i. Two tubes of each of the several dilutions of water mocassin, 
copperhead, and rattlesnake venoiri were prepared in 0.4 ml. volume in concentrations 
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Increased cell volume. Note: Readings designated as in table i. 
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intiic.itcd in table j. 'J’o one scries of each venom dilution o.i ml. of hum.>^n scrum 
was added, to the otlier .series of c.ich, o,i ml, iiornral saline was added. Four-tenths 
ml. of the wa.shcd human erythrocyte pu.spcnsion was placed ici c.ich tube, Cotdrol 
tubes for each series were set up containing .all of the rorn|K>nent;-; fd the otb.cr tubes, 
e.xccpt that o..t ml. normal .saline was used in place of the venom <iilutifm. 

ResuU.s outlined in t.able i show that %'cnon? frotn the tb.ree 5[Kmh'S of snakes 
brought about hemolysis of v'asUal hum.an erythrocytes, .arsd human serum actually 
inhibited this hemolysis. Water mof:as.>in .and cojjperitead vcrsortjs brought about 
agglutination of crythrocyte.s after .t hours, but very little hc.mo!ysir=. However, 
every instance of agglutination of washM erythrocytes at hours was followed by 
almost complete licmolysi.s at c.} liour.s. Aggiutin.ation and hemolysis of w.ashcd 
crjdhrocytc-s by the nittlesnakc venom was not a.n gre.al as v. itli the water mocc-tssin 
and copperhead vcnom.s. The 5)resence of iumian serum appeared to inldbit agglu- 
tination of hum.an cr^'tlirocytcs to the same dcjrrec that it inhibited hemoh’sis, 
Mowever, though hcmoly.'^is was inhibited by serum .after a.{ hours, th.e pre.eemce of 
serum after 3 hours appeared to h.irdcn hemolysis wliiie .at the same time inhibiting 
agglutination. 

Hemolytic activity at 3 hours with the t to 50 dihiiions of water mmtasstfj and 
copperhead venoms was not as great as with some of the higher dilutiotis. This 
phenomenon of inhibition by venom cxccs.« is a common observation. 

Expcrhncul a. Water mocassin venom, which was the most j>otcnt of the three 
on human cells, wa.s then tested with the cells of Ihetlog, rabbit ami .sheep with and 
without licmologous scrum. Human cells were run .simultaneously for comparison. 
The procedure was identical with that carrierl out in txpcrinienl i . 

It could not be ascertained that actual l}'sis of sheep cells ever occurred. How- 
ever, there was an apparent increase in cel! volume as indicatetl in tabic 2, and this 
increase in cell volume is, according toF.sscx and Markowitz (4), a step toward hemol- 
ysis. Therefore, the activity of water mocissin venom on dog .and sheep erythro- 
cytes is enhanced by the presence of homologous serum, wlicrcas with nil)bit and hu- 
man cells, scrum inhibits hcmol>‘sis. Rabbit cells were very similar to human cells 
in their susceptibility to water mocassin venom. Pliosphate bufTcred saline (pn 7.2) 
was used for the dog eiydlirocytcs since they appeared more stable in this medium 
than with unbuffered saline. Readings on dog cells were not taken after 3 liours 
because of the instability of these cells in saline solutions. 

Experiment j. Tliis e.vpcriment was i>erformcd to compare the effects of the 
rattlesnake venom on washed dog cells and on dog cells with fresh dog scrum, in- 
activated dog scrum (heated at 56° C. for 45 minutes), and rabbit scrum. Heated dog 
serum was used because heat inactnmtcs complement. Rabbit serum was used to 
find out if heterologous scrum acts the same as homologous scrum on venom hemol- 
ysis. The procedure was the same as for the preceding experiment. 

The results in table 3 show that fresh dog serum had gre.ater activating powers 
than either inactivated dog serum or rabbit scrum. Howcvmr, assuming that comple- 
ment is inactivated by heating it at 56° C. for 45 minutes, then serum complement is 
not necessary for the activating properties of dog serum. Substances in heterologous 
serum also appear to have activating properties. Rabbit serum inhibited the action 



July im 


ERYTHROCYTES AND SNAKE VENOM 


8l 


of water mocassin venom on rabbit cells, whereas it activated the rattlesnake venom 
hemolysis of dog cells. Dog erythrocytes with serum were very much more sus- 
ceptible to the action of the rattlesnake venom than human cells, and whereas 
human serum inhibited hemolysis of human red. cells by the venom of this species, 
serum appeared to be necessary for hemolysis of dog cells. 


T.\bi,e 3. Reaction of katteesnake venom on dog erythrocytes with And without various 


TYPES OF SERUM 



Readings after 3 Hours at 37° C. 


. Initial Dilutions of Venom 


10,006 I 20,000 j 40,000 I 80,000 I 160,006 I 320,000 



Saline . a 
b 


Fresb Dog- a -ff-f -b +-h-f-l- -f-b-f-l- +4-1-+ +-1-1-+ -f ++ 
Serum b — . — ' — — . — — — — 


Inactivated ti H-H — ! — f- 
Dog b — 
Serum 



-b-b -1-+ ++ + ■ ■ ± 


Rabbit ^ ■ -b-b ' +-b -b -b ± 

Serum b '— _ _ — — — 


Note: Reading designated as in table i. 


- , , DISCUSSION 

After complete lysis of human, dog and rabbit cells had taken place,, the color of 
the solution often changed from red to straw. Sheep cells after swelling appeared 
yellow in suspension and brown after settling together in the bottom of the tube. 
This phenomenon might be explained by Dunn’s report of the, change of hemoglobin 
to methemoglobin by snake venoms,(io). 

Flexner and Noguchi (i) failed to record how long their observations were made 
after the venom, was mixed with the cells. Experiments with humauj sheep and 
rabbit cells (tables i.and 2) show that maximum hemolysis requires 24 hours and that 
3-hour readings alone are often misleading. Dog serum heated at 56° C. for 45 
minutes and shei^p serum 6 months old retained much of their activating properties, 
indicating that when serum does serve as an activator it, does not depend entirely upon 
complement. Furthermore human serum heated at 56° C. for 45 minutes retains 
its inhibitory properties. 

The experiments recorded in this articb are essentially a confirmation of the 
work of Kellaway and Williams (2). These workers concluded that venom must 
unite with lecithin before hemolysis: can occur. Cells which have free lecithin in 
their stroma capable of combining, with the enzymes of venom can be hemolyzed 
wdthout an activator; cells which do not have free lecithin in their stroma require an 
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activator such as serum or plasma. The characteristic activating or inhibiting prop- 
erties of serum in Uicir experiments were dependent upon the v-'liok sentm protein- 
lipoid complex, rather than any fraction of it. Kcllaway (5) in a later report said 
that venom reacted with lecithin by splitting off one molecule of okic rseW. Lyr^- 
Iccithin is probably responsible for j^rehcmolytic S'wclling of the cjy'lhroa’tea and is 
inhibited by egg albumen. Bclczcnnc (6) performed experinsents showing the cn- 
zjmiatic nature of Uic action of venom on erythrocytes using horse serum as an intcr- 
mediar}' substance. 

The experiments reported herewith .alw^ essentially conhrm the work of Iks.ex 
and Markowitz (4) in whidi these workc.'S observed that s:erum or plasm.a 'was 
ncccssar)' for rattlesnake venom hemolysis of dog tcllsh Tlie present work , however, 
shows tliat results obUined on dog cells (itt xi'ro) do nor ai>]dy to human cells. The 
variations between these two species have been pointed out previously, Iksex .and 
Markowitz (.|) made the very interesting obseiwation that ox.ahtc hampers the acti- 
vating properties of dog plasma. Therefore, in venom hemolysis, there h an enzyme 
system involving proteins (venom), phospholipids .and possibly calcium. Schrek (7} 
has also reported that mocassin venom has the capacity of agglutinating and iyslng 
Ij'raphocj'tes, but no cfTccl on the viability or motility of the j>oUmiorphojJud«r 
cells. Lysolecithin in addition to its hemolytic action also causes lilicration of hista- 
mine from the perfused lungs, decreased excitability of the isolated jejunum, con- 
traction of the guinea pig uterus, liberation of protein and pigments from the per- 
fused monkey liver, and many other pharmacological phenomena (S). Zeller (0) 
in a very comprehensive report on snake venom states that "the lecithinase of snake 
venom renders capillaries more fragile by attacking tlic lipid layer of endorndium 
and thereby aids proteinase in bringing about internal hemorrhages.” The actions 
of all the enz}'mes of snake venom arc dispersed it: xiro by the spreading action of 
hyaluronidase accompanied by proinvasion I which aids in counteracting normal 
mechanisms of defense of hyaluronic acid. 

SUXtMARY 

Water mooissin and copperhead venoms bring about agglutination and sub- 
sequent hemolysis of washed human cr>'throcj’tes. Tlic venom of the rattlesnake, 
C. adamantctis, also hemolyzes washed human erx'throcj'tcs, but not to the same 
degree as occurs with water mocassin and copperhead venoms. Human scrum 
inhibits the hemolytic activity of the 3 venoms on human cells. Serum of the dog 
and sheep activates the action of water moctissin venom on their homologous 
erythrocytes, whereas serum of the rabbit and man acts as an inhibitor. Dog cells 
m the presence of serum are much more susceptible to the action of rattlesnake venom 
than are human cells. Fresh dog scrum, heated dog serum and rabbit scrum will 
activate rattlesnake venom hemolysis of dog cells. 

This v,’OTk was done as a result of suggesUons by Dr. H. S. Mayerson and correspondence with 
Dr. Himm Essex. Dr. Ernest Carroll Faust and Dr. Albert Zeller have contributed other useful 
suggesUons and criUasms. The experiments were performed in the laborator\- of bacteriologv under 
the technic al supervision of Dr. M. F. Shaffer and Dr. Paul Donaldson. ' • 

of the c.xperiments did not proceed further than a pronounced swelling 
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PLATELETS AS FOCI IN THE COAGULATION OF BLOOD 

FRANK D. MANN, MARGARIA' HURN* as'd DON R. MATHiKSrjN 
From the Division of Cliitica! Ixthoratories, Moy'o Ch*t!‘\ Moyo touivPi‘‘.on 


v,ocivr.sn:v., s«;:;:f"<OTA 

N umerous morpholo^^k ob^cn-ations, cs|Krcial!y tlior.c of I'mn and 

Sclnvcndcncr (i), sugi;esi that the platelets have :in jnijKirtant. p'KHjbly an 
initiating role, in the coagulation of blood. In ord'^r to retard tne Ciottbsg 
procc.ss enough to permit accurate observation, 1 onto and Srlnvcmiencr employed 
various anticoagulants and Unv temperatures, ’rocantins (2), on the other n.and, 
studied the clotting of hemophilic plasma and ohscta cal iliat fibrin threads formed 
indcj>endcnt of the platelets. Although platelets do not contaisi an apjureaable 
amount of prothrombin, recent work (3-6) indicates tha.i th.crc !;• a materia! asso- 
ciated with them which facilitate;; the conversion of prothrombin to tnronibm. 
Normal human plasma clots slowly eiiough in silicone-co.ste^l gl.iss to {Hirmit obrerv.i- 
tion of the process. It is such observations which we wish to rciiort. 

We also comiiared platelets to plasma in content of wbai might be termed 
‘prothrombin conversion factors’ and shall include the results of »)ur compari.oin. 


.\tICROSCOPl(: OnSKUV.NTlONS 

Normal human blood was drawn by the silicone technic of Jatjucsiind cr>. workers 
(7). The plasma was separated by centrifugutg the blood in silicone-coated tubes; 
a small drop of plasma was transferred by means of a silicone-coated puKl to a 
similarly treated slide and to a covcrglass preparation which eras theit sealed with 
petrolatum. The clotting of the ])lasma was observed by means of the j.iha.'e- 
contrast microscope, and the structure of t!;c platelet and fibrin was shaqdy visual- 
ized. Still photograj)hs of llie free platelets could not be made because of their 
constant brownian movement. 

Tlic platelets in the silicone preparations differed from tho.ee seen in oxalaled 
plasma exposed to glass in two respects: i) agglutination was absent and there 
were initially few cytoplasmic processes. I’roccsscs similar to tliosc illustrated by 
F'onio and Schwendener did appear somewhat rapidly, however, and were well 
developed long before any fibrin had formed. Since the platelets frequently pre- 
sented tliemselvcs in profile it could be seen that all of the processes arose from the 
rim of the platelet disk. The processes had such dcliattcly tapered ends that their 
lengtli could not be determined e.\-actly, but it was often at least 5 times the diameter 
of the platelet and may well have been much greater. The processes were in con- 
tinuous motion, apparently in response to tlie bro\Ynian movement of the platelets, 
so that it seemed reasonable that their verj’ delicate ends might break off, but this 
could not be actually seen. 
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Fibrin first became visible about an hour after the blood had been drawn. 
Despite the slowness of the coagulation, the fibrin appeared rather suddenly as 
typical refractile needles which shot through the plasma in all directions. These 
first fibrin needles were relatively delicate and few in number. They rapidly became 
connected with platelets in their vicinity. As soon as one of the vibrating platelets 
was contacted by the fibrin it ceased its brownian movement and its processes could 
no longer be seen. Active migration of platelets to the fibrin could not be discerned 
and groups of platelets did not form. As additional fibrin threads formed they also 
became attached to platelets and as the fibrin threads grew they tended to become 
thicker at the point of attachment. Thus in a relativel}^ short time all of the platelets 
became firmly fixed in the fibrin network which then presented the structure shown in 



Fig. I. Structure of fibrin net (Xqso). 


figure I. Since fibrin threads appear to radiate from the platelets to which they are 
strongly attached and since the attachments of the fibrin appear to replace the platelet 
processes, the impression may readily be gained that the processes might be pre- 
cursors of the fibrin threads. A connection however, was never seen between a 
platelet and a fibrin thread at the very moment of its formation. Thus it seems 
probable that, under the conditions of these observations, the first fibrin threads 
which are formed are free in the plasma and shortly thereafter become attached to 
the platelets. Whether or not the broken processes of platelets may be sites of 
origin of fibrin threads remains an interesting possibility concerning which we could 
not find evidence. The formation of the fibrin network occurred without any evident 
change in the number of platelets or any major change in their structure except for 
the loss of their processes. 



I). MANX. M. HflJX AXU IK !■:. MA'l'JIIIXOX 


1 % '!('•' V 


SO 


insTS I'oH j \<rnir.;; 

Mcthotls. Omvsl.'is^ir uiul l\vo-Hta;;f of {irothrfiin!.!!! ‘.vcrr 

previously clcsrrihed (K. cj). ('riKle plairles ovfr.trl, .•>.•;<•/! j.iaMfVi -iiu! p!;r.rii;! ire 
activated by /.ytiiiii and auitjuuiia u«-rr a!>o prcpan-d as iu fjrrvi'U!-. rr;*ort;> pu iO,c 
It sliould Ijc noted that the three types of ina< t jvated plajtrnc- r.itsno! ic- f<';s‘.rdrd a^ 
standardi/'eti rea;.;{nds. liiey are nu-rely .sjK;cifnens of pfa-nni e.hn?! ha^.e U.'cn 
treated in such a manm'r that the pri»thronibin t lutu’tc,: tttne has been riurh'elly 
prolonged. 'I'iiis time can in- restored to jionn.d «ar tU'arly noriind iyv the addnie,;) 
of serum, which floes not contain either prothroinhiti a hbritiinan. I'fa'Usa ifo 
activatcd by ayinin and mivcfl with eitiier a',;ed pla^-m;’. or ammonia-Uiaenvafed 
plasma shows a much slufrier prothromititi time ttian tisat o{ eitiu-r r-.f the inaf i!va‘c<! 
plasmas alone. AH three inaelivated piastji.-.s (oX-e rjornial yield' of thtouibif. by tiie 
two-stajte metliotl, jirovided serum i> added, ‘l iic'e ina.' tiv.i'ed p'a'rn.'.s rnay 


Xonc '''» 

Mixed with patienl’s fresh pLi'nia 50: 50 

o. I cc. saline .'ulded *•; 7'- 

o. I cc. patient's fresh plasnm .added jc f.: 

• Ih)ssil)!e deficiency of Middle f.ai t<>r‘ of f^liiie’.. M\o. s!;!i;i- tiruthronihifi Jc-.eh c tv, 
(Jviick prolhroniliin lime, (ifi s^-c. 

used to test for substauces ettpaliieof sbortenint: their prothrombin tintes, in a manner 
analogous to the use of speeillcally iiiaetivate<i ,'erums to test for onupotHnits of 
cftmplcment. In their prepanition. plasma inactivated by .^ymin or anunostia is 
diluted with an equal volume of imidazole ImtTer. .\s is pointed out Iti ttibfes r. .2 
and 3, in some instances equal parts of the plasma to he le.sicd anr! of inactivated 
plasma were mi.xcd, as was done by Quich, altht)ug!> iti most instances the material 
to he tested was simply added to the inactivatcrl plasma, thereby increasing the 
volume of the clotting system from 0.3 ec. to 0.4 ce. In either case anti for a miitiher 
of reasons, the various conditions which may alTecl emtting time arc less ideally 
arranged than in the standard Quick prothrombin time and the results for the present 
should be regarded as qualitative rather than quantitative. 

Rcsulls. Merely for the purposes of this pre.^entation. a [frothromhin cnnversimi 
factor is defined as a material which favors the conversion of prothrominn to 
llirombin in the presence of tissue thromboplastin hut which is not itself transformed 
into thrombin. Such a delinition might [possibly include the following factors 
reported in the literature: prothrombin A, Quick. 1943 (ii); plasma accelerator, 
kantl and Xance, 1946 (12); factor \ , Owren, 1947 (13); .Ac-glohulin, \A'are, Gue.st 
and Seegers, 1947 (14); labile factor, Quick, 1947 (15’) (new name applied to pro* 
thrombin A, Quick. 1943); i)rotliromhin A, Quick, 1947 (15) ( a factor difl'ering from 
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prothrombin A, Quick, 1943). Quick (15, 16) has.stressed his important observation 
that clinical hypoprothrombinemia as detected by his one-stage assay can be divided; 
into three distinct types; namely, deficiencies of prothrombin B. (probably. synony^^ 
mous witli the term 'prothrombin’ as used by various authors), of the labile factor, 
and. of, prothrombin A. The first type mentioned is the common one and may 
readily be recognized by the two-stage method. Rarely, however, blood is observed 
with very abnormal prothrombin times and normal two-stage prothrombin- levels. 


Table 2. Tests tor prothrombin conversion factors in case of patient with severe 

BLEEDING TENDENCY OF UNKNOWN ETIOLOGY BUT NOT CONGENITAL* 


TREATUrNT OF IKACTIVAXED PLASifA | 

i 

TROinKOinJiN CLornNC -hue, in sec. 

Aged plasma 

Zymin-inactivated 

plasma 

Ammonia- 
inactivated plasma 

None ■ 

120 

! 


Mixed with patient’s fresh plasma 50:50 

29 



o.i cc. saline added 

' 77 

1 


o.i cc. patient’s fresh plasma added 


38 


i 


* Possible deficiency of ‘prothrombin A, Quick, 1947.’ Two-stage prothrombin level, 275 
u/cc. Quick prothrombin time, 51 sec. 


Table 3. Restoration of coagulability to inactivated plasmas by means of 

platelets and plasma* 


MATERUL ADDED TO INACTIVATED PLASUA 

PfiOTHROUBm a.OTXlKG TIME, IK SEC. 

Aged plasma j 

Zymin-inactivated 

plasma 

Ammonia- 
inactivated plasma 

Saline 

16s 

202 

140 

Platelet extract 

14 

96 

22 

Platelet extract diluted r:io 

22 


24 

Fresh plasma diluted 1:10 

Serum ; 

40 

53 

17 

■ 42 


* One-stage assays by Quick technic with the addition of 0.1 cc. of designated material to plasma, 
making total volume of system 0.4 cc. One cc. of platelet extract, made from tlie platelet sediment 
of 16 cc. of plasma with prothrombin content of 340 u/cc., contained less than s u of protlirorobin. 
Platelet extract compared to the plasma from which it was made. 

These appear to be due to deficiencies of prothrombin conversion factors, and we 
have also observed two types of such deficiency^ In one type (table i) a shortening of 
the prothrombin time results when the patient’s plasma is mixed with zymin-inacti- 
vated plasma but not when it is mixed with aged or ammonia-inactivated plasma, 
while with the other type (table 2) just the reverse is true. It cannot be stated witli 
certainty that these two types correspond to those observed by Quick, especially 
since the clinical features of the cases (to be reported elsewhere) are entirely different. 
Furthermore, since we regard our tests as only qualitative at present, it siiould not be 
claimed that these- are examples of deficiencies of purely one factor. However, the 
observation, that two types of . deficiency occur spontaneously may.be regarded as 
evidence that the difference previously observed between zymih-inactivated plasma 
and aged or ammonia-inactivated plasma may correspond to at least two prothrombin 
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conversion factors wliicli exist iintnrally. irence, it seemed npjjroprlatc to test 
platelets for prothrombin conversion factont in the same manner as war. done v/ith 
the (Icficicnl plasmas. 

. i.Whcn platelet extract was added to the tlircc types of inactiwUed plasma 
(table -3), it was found to have considcnibly more activity in rcstonrt" ayed or 
animonia'inaclivalcd plasma than a comparable volume of tisc plasma frons wliicb it 
was made. On the other hand, it had ver>' little acliviiy in restoring ayndndn- 
aclivalccl plasma, perltaps no more than could be cx|>liincd on the ba.sls o! the amount 
of normal pla.sma present in the platelet extract. 


COMXtr.ST 

It appears from liie foregoing experiments that jxart but not all of a complex of 
factons which favor conversion of prothrombin to tfirornbin is concentrated in or on 
tlic platelet. Ware, Fahey and Seegers {4), in exjjerirncnts v.'ilh puHficd coagulation 
factors, have found intcrc.sling qualitative as well as quantit.ativc differences between 
prothrombin conversion factors found in platelets, in plasma and in serum. As v.xis 
the case in Tocantins’ study of hemophilic p 1 aicict.s, we were umible to find any 
morphologic evidence of initiation of fibrin fonnation hy norm.al platelets, although 
conditions were such (hat one might hope to obscr%’c thLs phenomenon. Our obser- 
vations would he consistent with the concept that {.d.atelcts, by their peculiar mor- 
phologic and biochemical make-up, pennii the mind growth of a strong fibrin net in 
the presence of minimal concentrations of thrombin and thrr'mboplastin, the two 
coagulation factors which, in excess, directly endanger life. 


SUMXtARY 

Normal platelets were not seen to initiate fibrin fonn.ation in normal plasma, 
enclosed in siliconc-coatcd surfaces. The platelets did scr\-c as foci of formation of 
the fibrin network. Part but not all of a complex: of factors which f.avor rapid 
conversion of prothrombin to thrombin is concentrated in or on the platelet. 
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A STUDY OF PULMONARY VENOUS AND ARTERIAL PRES- 
SURES AND OTHER VARIABLES IN THE ANESTHETIZED 
DOG BY FLEXIBLE CATHETER TECHNIQUES 

FRANCIS J. HADDY, GILBERT S. CAMPBELL, WAYNE L. ADAMS and 

M. B. VISSCHER 

From the Department of Physiology, University of Minnesota ■ 
MNNEAPOUS, MINNESOTA 

I N THIS paper we shall describe measurements of pulmonary artery and pul- 
monary vein pressures and cardiac outputs in the dog with a closed chest. 
.The values obtained in 64 nembutal anesthetized dogs will be presented, 
correlated with systemic arterial pressures and other variables. Many previous 
observations have been made on lesser circulation pressures and the literature will 
not be reviewed at this time. Among others, Hamilton, Woodbury and Vogt (i) 
have measured tlie pulmonary arterial and venous pressures relative to the intra- 
thoracic pressure. They employed a differential manometer in trained unanesthe- 
tized dogs in which modified London cannulae had been placed at a previous operative 
procedure. With the recent advent of right heart and pulmonary arterial catheter- 
ization, as introduced by Forsmann (2) and employed by Coumand et al. (3-7), a 
promising new tool for investigating the lesser circulation was supplied. Hellems, 
Haynes, Dexter and Kinney (8, 9) have catheterized the pulmonary hrtery and vein 
in the dog, 

METHODS 

Mongrel dogs weighing more than 12 kg. were injected intravenously with 
sodium pentobarbital, 33 mg/kg, supplemented later as indicated. The right caro- 
tid artery, right jugular vein and trachea were isolated. After the vein was ligated, 
a no. 10 whistle-tipped radio-opaque ureteral catheter was inserted about 20 cm. in a 
central direction and tied in place. The catheters had a single terminal orifice in 
addition to two side openings within 25 cm. of the tip. The total length of the 
catheters was 70 cm. A no. 15 needle was fitted into the end of the catheter and 
this in turn to one arm of a glass T tube by a metal adapter. Incorporated into a 
second arm of the T tube was a glass stopcock through which could flow a 5 per 
cent solution of glucose from a Muiphy drip and flask. To prevent blood from 
clotting .in the catheter and plugging its lumen, the glucose solution was permitted 
to drip at a rate of about 15 to 20 drops per minute. Heparinization was found to be 
unnecessary as long as one did not interrupt the flow of glucose solution longer than a 
minute at a time for pressure recordings. The carotid artery was ligated and cathe- 
terized in a similar manner. The perfusion fluid was delivered under 200 mm. Hg 
pressure. 

Received for publication March 22, 1949* 
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Ve’.firnt rj? 


The cnlhclcr in ihc right jugular vein war, then pasMd tu the pulmonrtn' arterj* 
under direct fluoroscopic vision, ll was noted (hat in the dog the lateral fluoro- 
scopic image of the catheter in the pulmor.ar>- artery was almont identical with the 
appc.arancc of the catheter colled once in the right atrium with the tip in the nr.ym 
vein. A lest of the prc.sGures oncomitercd distinguished between the two {vosltionr. 
JVcssurc.s from lo to ;!o mm. Ilg indicate<l that (he tip was irt the pu!n5onar>' .artery, 
whereas pressures around aero [joittlcd to the catheterV, hemg us the .ar.ygos van. 
Placing the catheter in the puhnptmry vein was a jnore dithruU proccditre, Firri, 
the carotid artery tended to go into spasm making it ditheuit, tsjx^rialiy it> .small flog;:, 
lo advance liic catlicler. 1'his was overcome by selecting large a.nimal'v and by 
lubricating the out.sidc (jf llic catheter with .sm.'dl quantities of mineral oil. .Second, 
since the catheter hatl lo advance again^-t the flow of arterial hlfK'Ki, there vm?. a 
tendency for it to double h:icl: on itsell, at times lodging tight!)' in tlsis manner irs 
the carotid artciy. Tiii.s occasionally defe.ated all attempts cither to .advance or 
withdraw the catheter. The cUhetcr was adv.anced down the right carotid into 
the brachiocephalic artery and the .aorta. In order lo facilitate its a 30* cuiwc 
was placed in the di.stal 5 cm. of the cttheler. It could then be turned so as to 
traverse the arch of the aorta toward the heart. 'J’hc catheter usurdly F.Upj>ed past 
the aortic valves willi relative case after a few moments of m.anqndation. Once in 
the left ventricle the catheter took one of two courses through tlie mitnl valve. 
The preferred course, but liic one more difiicuU to achieve, was In have the catheter 
lip turn dorsalward at a right angle (fig. i) and jw.ss through tlic* niilra! valve with- 
out-making a looj) in the left ventricle. In most inst.ance.^ however, tl.e catheter 
did loop in the ventricle (fig. 2) before entering the atrium. Both courses arc ac- 
ceptable though the latter unncce.ssaTily iocre.ases catheter length, in addition to 
placing a larger foreign Ijody in the heart. Turthermore, a loojxid catheter whipping 
in the left ventricle increases the possibility of pressure-recording artifacts. After 
passing the mitral valve the catheter usually dropj}cd rc.idily into a pulmon.an' vein. 
The catheter most often entered the vein draining the left lower lobe, less often the 
right lower or middle lobes but never an upper lobe. When the vein wa.s reached, 
the catlietcr, was adjusted so that it c.xtcndcd about 2 cm. into its lumen. A lig.aturc 
tied about, the catheters i cm. before their c.xit from the carotid artera- and jugular 
vein held.thcm.in position. 

•It must be emphasized that there is a significant mortality from left heart 
orlheterizalion. .Seven deaths occurred during p.assage of the left catheter in 71 
trials, .while none occurred from passage of the right catheter. Three of the deaths 
occurred, when the catheter doubled back and lodged tightly in the carotid arterx*. 
Attempts at moving it resulted in shearing of the arlcr)’ from the aorta. One death 
occurred when the catheter tip perforated the left ventricle. Another occurred 
when the, tip pcrfoialed.thc aorta just above the valve,s and entered the pericardial 
space. One-animal died suddenly while the catheter was being manipulated in the 
left ventricle. No lesions could be found at necropsy. It was thought the death 
was probably due to ventricular fibrillation, since it is not unusual for c-xtrasyslolcs 
to occur during catheterization of cither side of the heart. Tlie scv’cnth death 
occurred when due to error air was forced into the heart under 200 mm. Hg pres- 
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sure. The proportion of deaths, as well as the length of time required to pass the 
catheter, decreased with increasing experience. Post-mortem evidence of valvular 
damage was observed in none of the animals. Small subendocardial hemorrhages 
were occasionally noted in the left ventricle. However, this finding is frequently 
seen in animals not subjected to left heart catheterization (10). 

Intrathoracic pressure was measured by inserting an abdominal trocar and 
cannula into the pleural space between the right 5th and 6th ribs at the apex of the 
chest. The cannula had an internal diameter of 4 mm. and 2 longitudinal slits 
which extended i| cm. from the tip. The trocar was removed and about 25 cc. of 
air injected to produce a small pneumothorax at the position of the cannula. 



Fig. I. Catheters in a puljionary artery and a pulmonary vein. Upper looped catheter 
in pulmonarj' arter\' shows a doulile shadow with ventricular contraction. Lower catheter in a 
pulmonary vein without first looping in left ventricle. 

Pulmonary artery and vein pressures were measured with a standard 0-6 p.s.i. 
resistance wire pressure transmitter (Statham strain gauge)^ (11-13) connected 
to a type A oscillograph galvanometer.^ Intrathoracic pressure was measured 
with a o-i p.s.i. pressure transmitter connected to a type B oscillograph galvanom- 
eter. The integrated mean vascular pressures, referable to the intrathoracic 
pressure were calculated from the photographic record with the use of a compensat- 
ing polar planimeter. Calibration of the apparatus showed a straight line relation 
between pressure and deflection over the ranges employed and the calibration did 
not change over ii months of use. Though the natural frequencies of the strain 
gauges and galvanometers used are above 100 cycles per second, it should be noted 

^ Statham Laboratories, 9328 Santa Monica Blvd., Beverly Hills, Calif. 

- Heiland Research Corporation, 130 E. 5th Ave., Denver, Colorado. 
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Viltii'sr 


llic overall frefjucncy of the entire sysleiu was ahout 15 1 hat the mean 

pressure values were not’vitialed hy arlifacis is iiuliealed by t-Apetiment-. in v.lihh 
prcsstircs were reeordetl with a nuTi'tiry maiuinu’ter atid Hamilton ditferentia! 
manometer in addition to the strain j:aujj;e. lit rat h ease the mean f/refo-un s eherhed 
very closely. 'I'he Hamilton mamitneier was tint m-ed routinely berauM- of in- 
her'ently greater practical dilliculties. iVripheral arlc.-ria! jtrr-surv ua^ tm-.ssiired 
with a mercury manometer by camnilating th.e left femora' artiry, Ptripner.d 
venous jjressure was measured in the left jugular vein wiili.a sodittm citrate nmnom- 
etcr. 



rig. 2. Cavdad CATiir.Tr.K rn* is a i’oi,mon\i;v vi.in afu-r tirst in k(i viutdiic 

Ccplialacl catheter tip in ;i pulmonary artery. Hnth cailH-ter> ^hon iloul'h' ^ha<^>v. uitl; c.’.rUiac 
contraction. Catheters were witliUrawn to a position nearer the heart durit'.v; recnjviing of prcs'-urcs. 

from the right femoral artery. Using a closed .system spirometer connected to the 
tracheal cannula, o.xygcn consumption was meastired over an eight miitute period. 
O.xygen content of the blood samples was determined hy the \’an Slyke manometric 
method (14). Using Ruhners constant in Meeh’s formula. 11.2 ^/(wt. in gm.j-, 
to calculate body surface area, cardiac outimt was e.xpresscd as cardiac index. 


RKSUI.TS 

Cardiac output was estimated by the direct Pick method. Mixed venous blood 
was obtained from the catheter in the pulmonary artery. .Arterial l)Iood was taken 
A statistical treatment of the results of observations on pressures and cardiac 
outputs in 64 dogs is presented in table 1. J he values shown arc those obtained 
immediately after completing the prci)aration of the animal for study. The data 
are segregated in this table in relation to the e.xisting systemic arterial pressure. 
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The significance of differences between means has, been calculated by. application -.of ■. 
the Fisher I test. The probabilities of the differences between means' occurring 
by random chance are shown in a footnote to the table. ' i 

It will be seen that the average integrated mean pulmonary arterial pressure is 
significantly higher in nembutalized dogs with systemic arterial pressures, aboVe 150 
mm. Ilg than in tliose below 100 *mm. Ug. The value at intermediate arterial 
pressures is, as would be predicted, intermediate, but tlie, probability calculation 
shows that the differences are at the borderline of significance, T — :o.o5. . 

Correlated with these observations are those on .pulmonary Venous pressure,- 
where highly significant positive correlations arc found between the low. and inter«. 
mediate as well as the low and high systemic blood pressure groups. No significant 


TaBLK. r. ReLATIO-V of PCLMO.VARY pressures and cardiac indices ,X,0 PERIPflERAj:, ARTF.RIAI. 

BLOOD .pressure' . 


UEAN ^'SraMlC 
AKTEBIAI, TEESSORC 

imAN pcrtvovAcv 
ARTERV nWOD 
. PEESSUEr.’ 

Src-AN POLWOKARV 
\T.KOOS BLOOD 
PEESSDSr.* 

PEWPnERALl t 
VENOUS 

. PRESSURE • 

] CAHiuc’lIJDEX 
. . t '• • » t' ‘ 1* M * 

mm. Tit 

Belo'w ido. . 

Average — 82.3 

nnt, i 7 f±<y 

( 7 )' 

14.0 ±3.4 (a) 

tntn. Tit ± 0 ■ 

( 7 ) - ' 

2-3 (a)(b) 

cm. citrate it o 
(6) ■ 
2,,7 ±i ,.7 

• l/cnymiri. ±<r - ' 

;..-( 4 :)::.- 

.. i,..6.A:o..s. (a)(b).. 

100-14 9 

Average-^130.0 

. (29) 

id. 7 ± 3-4 . j 

(30) 

7.6 ±3.9 (a) 

... 

3.0 ±2. '8 


Above 150... .V . 

Average — 164.S 

‘ (17) 

18,5 ±3.6 (a) 

(19) 

9.7 ± 4 -S (h) . 

{26) . 

3.7 .±2.8 

4 - 4 ;tt:r-S (b) 

Overall mean 

100 and above 

Avcragc-^i44.'2 

■ 

17.8 i3.d 

(52) 

, 8.5 ±4-2 

■ 5'.3 ■i 2 . 4 '‘ 

' ■ i ' . . \ - 1 ' ■ . » . . t » < 

(22) 

3.6 ±1.3' 

- 'i'-- 


' Average values, number of cases in parenthesis. . , . 

f Pressures relative to the intrathomcic pressure as a base. .... 

(a)‘,‘ (b): P = o.oi or less for the differences in nicans between two values marked (a)‘ ot 'fb) 
In other instances P = >0.01. Sec text. 

correlations whre found in these experiments between syslemic'arlcrial and systenlic' 
venous pressures. This difference between the lesser and greater circulations ' is 
noteworthy in relation to the dynamics of the circulation. . • 

' ' As regards the cardiac outputs of dogs under nembutal, the values obtained show 
a highly significant positive correlation between arterial blood pressure and cardiac 
inde.x. The animals with low blood pressures were not subjected to ndore hemorrhage 
or trauma than the others. Random differences in sensitivity to the '-anesthetic 
agent may account in part for the differences in blood pressure among tlie several 
animals; . 

The da.la on 26 animals in which cardiac output determinations were made 
have been analyzed with respect to the correlation between pulmonary venous- 
pressure and cardiac index. Thirteen dogs had mean pulmonary venous pressures 
below 5 mhi. -Hg, and an equal number were above this value. The average cardiac 
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index for the former proup was 2.6? -Jz l/mVrnin. and for tisc latter 4.00 ± 1.2. 
Tiic probability value for the difTcrenee is less than o.oi. 7 bus a {wrativc cor- 
relation exists between left heart filling pressure (pulmonar)* venous pressure) and 


the output of the heart in the ab.sencc of signs of failure in the intact dog. 

No significant correlations were found between RV.stemtc venous pressure and 
cardiac index, nor vras there any correlation between body weight or sex and pul- 
monary' venous and artery' prc.ssurcs. It fhould be noted, in connection with the 
absence of correlation between sy.stcmic venous pressure and cardi-ac index, that one 
is dealing with inter-individual variations in tlic ‘normal* anesthclixed state and not 
intra-individual variations with changes in conditions. 


nisatssios' 

The integrated mean pulmonary' nrtcry pressures found in these experiments 
on anestlietizcd dogs arc Ic.ss than those refiorted by most other ob.sersTrs rn un- 
ancsthetized animals. Our obsciwalions are, however, in fairly close agreement 
with those of Hellcms, Haynes, Dexter and Kinney (S, 0). 'Hjeir figures are, it 
may' be noted, uncorrcclcd for intrathoracic pressure. 

The correlations shown in table i betw'cen systemic blood pressure and lesser 
circulation pressures must be interpreted in the light of the pimuU.aneous enrrehtion 
between cardiac index and pulmonary venous pressure. In general, lo'w systemic 
arterial pressures were associated with low cirdi.ac outputs. The low pul.'uon.iry* 
x'cnous pressures associated wdth the low outputs indicate that an inadequate filling 
pressure was probably' the cau.se of the low output. It .‘should be emphasuwi that 
the observations reported were made while the animals were in goo<l clinical condi- 
tion and before they had been exposed to any c.xpcrimcntal procedures other than 
those involved in placing catheters and cannulac. \t’hen obvious left heart failure 
supervenes, citlier terminally' or because of some expcrimcnta! procedure, the pul- 
monary venous pressure rises without concomitant rise in airdbc output (15). 

Thus it seems proper to conclude from the data rcjiortcd that in tlic absence of 
signs of left heart failure the cardiac output is positively correlated with pulmonaay' 
venous pressure. The fact that no statistically significant correlation appeared 
between systemic venous pressure and cardiac output is, at least supcrfici.ally, out 
of line with prediction from the Starling Law of the Heart. However, it is imjxir- 
tant to note that the sy'stemic venous pressure was measured in the jugular vein at a 
greater distance from the heart, and further, that some degree of right heart failure 
may have existed in some instances without simultaneous left sided failure. Fur- 
thermore, the mean, systemic venous pressure values for large cardiac outputs were 
actually higher than those for small outputs (table x). The failure to show a sta- 
tistically significant relation is, xve believe, an indication that uncontrolled amriablcs 
such as those mentioned above, or others, have complicated the situation. Further- 
more, it must be emphasized again that we are dealing entirely with inter-individual 
variations in these data, and that in terminal heart failure (15) we have alway'S ob- 
served the systemic venous pressure to rise, witli no change or a fall in cardiac output. 

Never tlxeless, the fact that these data show a highly significant correlation 
between left heart filling pressure and cardiac output, without demonstrating Uie. 



July ig4p 


PULMONARY ARTERY AND VEIN PRESSURES 


95 


same regiJarity for the riglit side of the heart, is of considerable interest. The 
result indicates that one is not justified in assuming that right and left venous filling 
pressures must vary proportionately. Further, it suggests that the left atrial and 
pulmonary venous pressures are apt to be raised more in association with high cardiac 
outputs in the absence of failure tlian is the systemic venous pressure. The greater 
mass and consequent greater resistance to filling of the left ventricle may be a factor 
in causing this difference. 

CONCLUSIONS 

Methods are described for measurement of pulmonary arterial and venous 
pressures in the anesthetized dog by a flexible catheter technique, simultaneously 
with cardiac output, intrathoracic pressure, systemic arterial and venous pressures. 
Left heart catheterization was attended by a mortality of about lo per cent. Ob- 
servations on 64 dogs are presented, showing significant positive correlations between 
systemic arterial pressure and a) integrated mean pulmonary artery pressure, h) 
integrated mean pulmonaiy venous pressure and c) cardiac index. A significant 
positive correlation was also found between mean pulmonary venous pressur^-and 
the cardiac index. Although tlie mean systemic venous pressure was higher in dogs 
with high than ^vith low cardiac indices, the difference was not statistically sig- 
nificant. '' 

These results have been discussed in relation to other known facts of cardio- 
vascular physiology. 
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CIRCULATOIIY CHAKGKS AM:> l^ULMONARV IJCSIOKS IN 
. =1)008 FOLLOWING INCRKASiCO INTRACRANIAL PRES- 
. SURE, AND THE EFFECF OF ATROPJN!-. UPON SUCH 
CHANGF-S’ 

GILBERT S. CAMPBIXL, FRAN'CIS ). IIALDV, WAVM: L. ADAMS A'.n 

M. B. VISSCMEK 

From Ihx DepiirlmerA oj VhyiMpfs.Ur.hfriii'j c>f Mint'f’.c'.a 

• ■' ■ MiSN’KAi‘Ui.J:., y.isr.ysifw 

lULMONARY.i^tleni:! aiul conj'csijoii rvccur frcf.iUcnUy in Ci<es of hend inysry 
(1-3). ■ Wcismun (4) found lung cdtrm.v ;u\d coiip'ition in approximatcU* 

■ two-thirds of 686 case? of traumatic ami sjvontaneous intracranial hemor- 
rhage dying within 30 minute? to one hour after tlie injury, (‘ortllictirtg rcj»rt? 
:(5-8) have appeared witi\ reference to lung Cflema following bilateral cereittil vagol- 
opiy. Rccenth'. Sussmuti rl al. (o) mniniuincd guinea pitr? on artifidal rcsidration 
and studied the importance of insufflation pressure in t h.e genesis of pulmonasy edensa. 
They stated "under the conditiotts of these experiments there R no evidence that 
vagotomy exerts an influence on the pulmonary vascular s\T>tem favoring edema or 
hemorrhage." 

On the other hand ]mis.ada and Sarnoft (toj produced pulmotiary edema in dogs 
by the rapid intracarotid infusion of saline solution. These invc-sligaton- (tt) 
employed massive, rai)ld venous infu.sion in dogs simultancou.-ly with vagal stimu- 
lation and concluded "electrical stimulation of either tiic cardiac end of the at- 
x'agl or the intact nervc,s favors pul monaty' edema by causing c.xtrenie bradycardia." 

Lulsada and SarnofT (la) also reported that parasympatholytic drugs promoted 
lun'g edema duiscd by the rapid intracaroti<i infusion of pliysiological stilt solution, 
and they stated that atropine aggravated edema of the lungs under such condi- 
tions. 

Recently 2 of the present authors (13) reported that in the guinea pig under 
artificial respiration , bilateral cervical vagotomy j)rovi{Ic<l great protection against 
the pulmonaiy edema produced by elevation of intracranial pressure. Surtshin, 
Katz and Rodbard (14) haVe questioned whetlicr in previous attempts to produce 
lung edema by increased intracranial pressure the effects were due to genuine edema 
or were artifacts. .resulting from the aspiration of saliva. The imssibility that this 
factor influenced thexcsults in the experiments to be reported has been ruled out by 
the routine use of an endotracheal tube. ' . 


MKTHODS 

Mongrel^ dogs were aneslLcUzcd with inlrat’cnous pentobarbital sodiuni, 3° nig/kg., and a 
trephine o pening one centimeter in diameter rvas made just lateral to the mid-calvarium in iS dogs. 

Received for publication March 22, 1949. 
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The intracrania] pressure of these animals was elevated by inflating with, fluid a small latex balloon 
placed extradurally through the trephine opening. The volume of fluid introduced was adjusted to 
produce bradycardia and elevation of pulmonary venous pressure without apnea. A metal dome 
i-S centimeters in diameter, with an opening in its top just large enough to accommodate the plastic 
tube leading to the balloon, was securely fastened to the bony calvarium with two small screws. 
This dome held the inflated balloon in place. 

Number lo radio-opaque, whistle-tipped ureteral catheters were employed in right and left 
heart catheterization, and pressures were recorded in the pulmonary artery and a pulmonary vein 
respectively with standard resistance wire pressure transmitters (Statham strain gauges). The 
direct Fick principle was utilized in determining cardiac outputs, and the latter were expressed as 
cardiac indices (l/min/m=). A more detailed description of the technic employed ma3f be found in 
the preceding paper (15). 

Femoral arterial pressure was measured with a mercury manometer, and femoral venous pres- 
sure was measured with a manometer filled with s per cent sodium citrate. Heart rates were counted 
from the pulmonarj' artery pressure records. Integrated mean pulmonarj’- vascular and intrathoracic 
pressures were measured with a compensating polar planimeter, and all pulmonary pressures re- 
ported in this paper are expressed in relation lo intrathoracic pressure as zero. 

All dogs had an indwelling tracheal cannula, and an intermittent positive pressure-blast respi- 
rator was used in certain e.xperiments as designated in table 1. Atropine sulfate was injected intra- 
venously in 4 dogs after increasing intracranial pressure. 

RESULTS ■ 

Figure i illustrates the results of a typical experiment in which increased in- 
tracranial pressure was induced. The systemic blood pressure fluctuated irregularly, 
but associated with the decline in heart rate and cardiac output there were marked 
elevations in pulmohar>’- artery and vein pressures. The animal died shortly after 
the last readings and the lungs showed moderate congestion and edema of the de- 
pendent lobes and slight edema of the other lobes. The mean values for the variables 
in question in 18 such experiments are shown in figure 2. It will be noted that the 
rise in pulmonary venous pressure after one hour of increased intracranial pressure 
is about 10 mm. Hg, while the systemic venous pressure rise is approximately half 
as great. The pulmonary arterj’’ pressure rise is on the average 8 mm. Hg. The 
decline in cardiac output is about 30 per cent. The changes are progressive and 
maintained. 

These results are to be contrasted with those obtained when atropine is ad- 
ministered 15 minutes after elevating the intracranial pressure. Figure 3 shows 
an example of such an experiment. • It wilTbe noted that the rise, in; pulmonary 
venous pressures was reversed and that the heart rate and cardiac output returned 
to normal or higher in spite' of maintained, elevated intracranial’ pressure. The 
mean values obtained in 4 such experiments. are shown in figure 4 * • 

The pulmonary lesions found at ..necropsy are .'indicated in table.,i, ' which also 
presents the data concerning mean pulmonary venous pressure after increasing 
the intracranial pressure. It will be noted that in general the lung edema was 
minimal in instances in w’hich the pressure was low and greater, when the venous 
pressure was high.., . ,, : 

mscussioK 

This, investigation >del 4 ed certairi .interesting, phenomena common to, all ani- 
mals subjected to Increased intracranial pressure. A significant elevation of mean 
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pulmonaiy venous pressure wliidi occurred simultnncously vnih bnciyc-irdia, lov.-- 
cred cardiac output and slight to marhed increase in mean pulmonary* artery pressure 
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* Increased intracranial pressure. 

* i) SUght edema, congesUon, and hcmorrLigc involving only the dq^endent portion of 

the lungs. 

2) Moderate edema, congestion and hemorrhage involving only the dependent portion of 
the lungs with slight involvement in other portions. 

3) Marked edema, congestion, and hemorrhage involving only the dependent portion of the 
lungs with moderate involvement in other portions. 

4) Frank edema, congcsU’on and hemorrhage invohdng nil the lobes of the lungs. 

* Died. <Prior to atropine administration. ‘.After atropine administration. ‘Killed. 


was a uniform finding. From these data it is apparent that the hydrostatic pressure 
rose within the pulmonary capillaries. Although the fluctuations in sj'Stemic ar- 
terial pressure were rather small, there was a marked increase in pulse pressure 
associated with the bradycardia. 

The results of these experiments show that the magnitude of the increase in 
pulmonary venous pressure is correlated witli lire extent of pulmonarj* edema. 
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Xhcy do not, however, prove a causal relationship. Two relevant facts must be 
noted. First, it is seen that pulmonary edema may occur at venous pressure levels 
lower than the usual colloid osmotic pressure of dog plasma. However, since from 


Fig. I. Changes IN cARDUc 
INDEX, heart rate and pressures in 
pulmonary arterj% pulmonarj- vein 
and femoral artery, in relation to 
elevation in intracranial pressure 
in a nembutal anesthetized dog. 
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Fig. 2, Mean values for c.i., h.r. and 
pressures in P.A., P.V., F.A. and F.V. in re- 
lation to elevation in I.C.P. in nembutalized 
dogs. The figures at each point represent 
the number of dogs included in each mean 
value at a particular time. 
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1000 to 2500 cc. of 5 per cent dextrose solution was administered via the catheters by 
drip to prevent blood clotting in them, there, may have been a lowering in plasma 
protein concentration. This was not measured. Second, the higher venous pres- 
sures did not produce maximal edema in the time of study in any case. In the case of 
the highest pulmonary venous pressures recorded they were within 4 to 10 minutes 
of the termination of the experiment and insufficient time may have been allowed to 
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give maximal edema. The result.'; o! the.se e.vperimenf.*; tnltcn as a ‘tvhule mVtaiU: 
that an elevation in cfFcclive filtration pressure in the lung enpillarks is probably 
the major factor in the gene.sis of |nilmonary ctloma after Inrrcaref.} intracranbl 
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Fig. 4. Mjass- v.Airrs jor 
C.J., H.r.. sr.f} }jrc?!ures ia r.A., 
r.V., F.A. .mii F.V, in rchtba Jo 
ir.crcajtd Jntracranbl ptrsnuc ia 
nembat.s’ired 'logs, plus the tjTe-ct 
of atropine ujwn thc-.vt cSnngcs. 
The figures at each polr.l rep:e?:eat 
the number of dogs luciuded tn 
each mean value at a p-irtietdar 
lime. 


pressure. The fact that atropine increased the heart rale and cardiac output, 
and lowered the pulmonaty venous pressure, and that furthermore, after these 
changes the lungs were practically free of edema, is important. It is perhaps the 
most impressive point in favor of the view tliat the pulmonary* edema olhcrsvise 
seen after increased intracranial pressure may be the direct consequence of the 
elevated venous, and by inference the capillary, pressures 
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only the fasting invertase output of dog i and the fasting invertase and peptidase 
output of dog 2 are significantly higher than the controls. The intravenous saline 
increased the volume of the intestinal juice over that of the other control exper- 
ments. The increase in volume was especially great in dog 1 and the changes are 
significant. The enzyme production was augmented but the change was not sta- 
tistically significant. 

DISCUSSION 

Generally it can be stated that parathyroid extract, vitamin D, and calcium 
gluconate all diminish tlie volume of intestinal juice. The parathyroid extract 
and vitamin D also depress the enzyme output thus setting them apart from calcium 
gluconate wMch tends to augment enzyme production. 

The diminished volume output of intestinal juice during hypercalcemia parallels 
closely the results obtained with parathyroid extract and vitamin D by Babkin 
et al. (r) and Schiffrin (2) in dogs with innervated, but not denervated, 
gastric pouches. This correlation suggests that the diminution of secretion is me- 
diated by way of the extrinsic nerves. Grant (ii), however, reported that injections 
of calcium lactate or calcium chloride in sacrifice experiments inliibited both the 
nerv'-ous and chemical phases of gastric secretion. 

It is well known that an increase in calcium concentration will decrease cellular 
permeability especially to water (12, 13). Asher and Jost (14) and Engel (15) 
have shown that S3unpathectomy decreases capillary permeability, and according 
to Bronk el al. (16) and Harvey and Macintosh (17) high calcium concentration 
blocks transmission of nerve impulses in ganglionic synapses. Thus, calcium can 
bring about a decrease in cellular permeability both directly and indirectly through 
the sympathetic nervmus system. According to Feng (18) transmission across the 
neuromuscular junction is inhibited by excess calcium ions. It has been shown by 
Solandt (19) that treatment of a ners'^e with a solution containing a high concen- 
tration of calcium lowers the time-constant of accommodation and, therefore, would 
tend to decrease the number of impulses reaching the intestine by the . extrinsic 
nerves. 

Schiffrin (2) reported that during hypercalcemia, pepsin output was increased 
in innervated gastric pouches but that no change occurred in the denervated prepara- 
tions. From the results obtained with innervated intestinal segments, it is evident 
that only the hypercalcemia due to calcium gluconate injection caused any rise 
in enzyme production, and tliis was confined to the fasting animal. 

Calcium ions seem to accelerate the activity of several enzymes (20, 21). Del- 
ezenne (22) stated that dilute solutions of calcium chloride increase and concen- 
trated solutions diminish the proteolytic activity of pancreatic juice. This could 
hardly explain the difference in the enzyme activity of the intestinal juice during 
hypercalcemia because the calcium content of the intestinal juice is subject to con- 
siderable normal variation (i.o mM/1. to 6.2 mM/1.) without any correlation with 
enzyme activity. The difference in enzyme output in experiments with para- 
thyroid extract and vitamin D on the one hand and calcium gluconate on the other 
may be due to the rate of development of the hypercalcemia. In the calcium glu- 
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conalc experiments the rise in blood calcium was very rapid, whereas in both para- 
thyroid and vitamin D experiments, which required mobiiizalhm of ertldum from 
endogenous sources, hypercalcemia developed rather slowly. 

Vitamin D is reported to assist in the absorption of calcium from the intestine 
(23-25) and to increase the acidity of the intestinal contents (ed, 27}. The results 
reported here for the pure intc.siinal juice show that there is no significant change 
in the fin chloride, or carbon dioxide capacity of the intestinal juice during vitamin 
D administration." 

SUMMAkY 

Hypercalcemia was produced in the dog by the adnnnistration of parathyroid 
extract, calciferol, and calcium gluconate and obscrv.ations ntade on the secretion 
of intestinal juice by loop.s of jejunum with intact extrinsic innerveition. Tne 
administration of parathyroid cxtnwt subcutaneously, or calciferol by mouth, re- 
sulted in diminished volume of juice and total outpe.t of enxymes. The injection 
of calcium gluconate intravenously resulted in diminishtal volume of juice but an 
increased total output of enxymes. It i.s suggested that the chatjge in volume of 
juice may be due to diminished c.xcitability of the extrinsic nerkxs and a decrease 
in permcabilit)'^ of the gland cell membranes. 

RKFERKN'CF^ 

1. BAnKix, It. P., 0 . Kokakov akd S. .V. Kouak^iv. ; 5 ; 70J. njia 

2. ScnuTRlK, M. J. Am. J. Physiol, 135: 660, u)4i. 

3. Nassct, E. S., n. U. Pu;rce ANO J. R. Muni.ir,*. AM.J.Physiri, ni:s45. 0335. 

4. SoMOOYi, M. J. BM. Chem. 160: 6i, 1945. 

5. Dunn, M. S. anu A. I.osiiAKOKr. J. Biol. ChfM. 1:3: 359, ipjs. 

6. C1.ARK, E. P. A.VD J. P. Cou.u\ J, Biel. Chem. 63; 401, 40:5. 

7. reBeer, E. j., C. G. Johnston and D. W. Wii^jon. J. P)!, ;. Chem. JoS; i 1935. 

8. McKittrick, D. S. and C. L. A. Schmidt. .Irch. Bit'ehem. u: 1045. 

9. Hanke, M. E. Maiwmelric Melhcnis, Univ. of Ghicaga Press, 1939. 

10. Axtb, j. C. /..'I .;tf ..'t . 105: 197, 1935. 

11. Grant, R. Am. J. Physiol. 132:460, 1041. 

12. H( 5 ber, R. PItysikalische Chemie der Kelle iind der Gntrf’f (6th c*.l.h I.cip.-ig: Wi!hc!rsi Engel- 
mann, 1926. 

13. Heilbrunn, L. V. A n Outline of General Physiology (mil cd.). Philadelphia : \V. B. Saunders 
Company, 1943. 

14. Asher, L. and W. Jost. Ztschr. f. Biol. O4: 4-1, 1914. 

15. Engel, D. J. Physiol. 99: i6r, 1941. 

16. Bronk, D. W., M. G. Larrabee, J. B. Gaylor a.n’d F. Brink, Jk. .-!k. /. Physiol. 123: 24, 
1938. 

17. Harvey, A. M. and F. C. McIntosh. J. Physiol. 97; 408, 1940. 

18. Feng, T. P. Chinese J. Physiol. 10: 417, 1036. 

19. SoLANDT, D. Y. Proc. Roy. Soc. London, s.B. 149:335, 1935. 

20. Bailey, K. Biochem J. 36: 121, 1942. 

21. SiviNGLE, R. F., .A. E. Axelrod, and C. A. Elvei4jem. J. Biol. Chem. 145: 581, 1942. 

22. Delezenne, C. Compt. rend. Soc. de biol. 63: 274, 1907. 

23. Nicolavson, R. Biochem. J. 31: 107, 1957. 

24. Nicolavson, R. Biochem. J. 31: 122, 1937. 

25. Albright, F. and H. W. Sulkowitch. J. Clin, Invesligation 17: 305, 103S. 

26. Abrahamson, E. M. and E. G. Miller. Proc. Soc. E.vper. Biol. Sz .If of. 22: 438, 1925. 

27. Jones, J.H. J. Biol. Chem. 142: i<)42. 



ROLE OF THE CENTRAL NERVOUS SYSTEM IN THE BODY 
TEMPERATURE-ARTERIAL PRESSURE RELATIONSHIP' 

S. RODBARD, M. TINSLEY,* H. BORNSTEIN and L. TAYLOR 
From the Cardiovascular Department,^ Medical Research Institute, Michael Reese Hospital 

anCAGO, ILLINOIS 

P REVIOUS studies have called attention to a relationship between the body 
temperature and the arterial blood pressure which may be seen in the turtle 
(i) , the chicken (2) and the dog (3). This relationship is seen in a fall in blood 
pressure which occurs during profound lowering of the body temperature, and in the 
return of the pressure to control levels when the animal is rewarmed. Other evidence 
suggests that the temperature-pressure (thermobaric) relationship holds generally 
among vertebrates including representative amphibians (frog, 4), reptiles (turtle, 5), 
mammals (3) and birds (chicken, 2, and pigeon 6). 

Certain general limitations have been found to restrict the relationship. For 
example, when an animal is warmed above a critical temperature level dependent 
upon the species a lethal fall in blood pressure ensues. These critical levels appear to 
be about 3°C. above the normal value in warm blooded animals. In the turtle the 
upper limit varies from 30° to 37°C. and in the frog it is about 25°C. 

In the present study several phases of the thermobaric relationship were investi- 
gated. Data were obtained concerning the pressure levels after cooling or warming 
when the animal is maintained at a constant thermal level for several hours. The 
mechanism of the thermobaric relationship was also investigated. Conceivably this 
mechanism may operate via changes in the heart rate, in the reactivity of the blood 
vessels, or via tlie intermediation of the central nervous system through the para- 
sympathetic or sympathetic outflow. The responsiveness of the vessels at various 
body temperatures was assayed by testing the vasoconstrictor effect of an intra- 
venous injection of epinephrine. The role of the central nervous system w^as assayed 
by observing the blood pressure response to warming and cooling before and after 
sectioning of the vagi, destruction of the brain, or section of the spinal cord. Heart 
rate and blood pressure responses were compared under these various circumstances. 

METHODS 

The large blood vessels were exposed in 68 turtles {Psuedemys elegatts) by drilling a 2^-cm. hole 
with a circular saw in the plastron at tlie level of the pectoral plate. A glass cannula was inserted 
caudad into the left aorta to measure the peripheral systemic arterial pressure. Such a procedure is 
possible in the turtle because of the bilateral aortae, which join below the transverse septum. A 
thermometer was inserted and tied into the cloaca for the measurement of the body temperature. 
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The nnimal was tapcfl to a small ImartI ami plawl ?« a wairr liilli a? fCH*rn t-rmp^taturc. The can- 
nula was then connected to the Hamilton manometer (7) fot optical rr^ordin,;? of the Wood pre^-sare 
and liearl rate. 

One group of animals was maintainr<i at a constant ternperatufe icvrl raisstn?; bf-twern 5'* and 
4o'’C. for periods up to 3 hours. In a second group the e^.-ct of bih’.rrril vj^^otomy on the thermo, 
baric relationship was detennined, In a third group, consi'-ting of iH animaU, the fpinsl cord was 
cut above the level of the first cervical vertebra (C.) by tlrsing the he.rd and inrerting a hnife immr- 
diatcly inferior to the occipital .sipine. The grtrs*. lesions wciv chec5;erl at th.e end of th- csperimerji 
after a period of time up to an hour in is of these animak and of s.j hours in 3; thr turtles were then 
cooled and rewarmed to determine the hlrv-xl pressure te?:fK>tt«e to temperature under jhme c-msditlons 
of interruption or destruction of the brain .stem. 

The rc,s[>onse to epinephrine was determined before and after the r ret •c.ri of the v.tgi or th'c rpiKat 
cord since thi.s prc.scnlcd a tccbnirjue for the as-ay /d the rr’ijioanvraei'. of the peripheral to 

vasoconstrictor materials under the conditions of our experiment. 


Time Factor in the Tempcraturc-Pres^nre Relationship. AUhough a j^retU-n-.l 
relationship between body tcm{)craturc anti blood pressure is tssn.'dly dt-rnonstrablf: 
during cooling or warnting no data have been available ccmcerniru: the pcrslster 


■ice of 


the pressure changc.s when the animal is maintained for an extended perimi at a given 


temperature. Five groups of 3 turtles each were warmed or cooled from rotjm tem- 
perature to levels at 5°, 15®, 75'’, 30° ami 55”C. and maintained at these levels for 
periods up to 3 hours. Blood prcs.surcs changed to some extent during the change 
in body temperature. However, no consistent changes in blood pressure were .seen 
during the c.xtended period at the const.anl temimrainre. Two other groups of 
animals maintained at 38“ or 4o°C., respectively, showed a progre.ssivt‘ f.all in blood 
pressure as the e.xpcriment continued. Representative average data on 4 of 
groups are given in table r. 

At the end of each of those c.xpcrimcnts, each animal wa.s injected with i mg. of 
epinephrine in i cc. of saline and the blood pressure changes were recorded. .An 
epinephrine response was obtained in .all group.s sugge.sting that the blood vessels 
were still capable of responding to a stimulus despite the fact that in the animals at 
38° and 4o°C., the blood pressure liad already f.allen to low levels (table r). In the 
group at 5° the response was slow and long-persisting as compared with the gnmps at 
higher temperatures. This is in accord with other reports that drug action is re- 
tarded at lower temperatures (8). 

Effect of Vagotomy, In order to determine the possible role of the parasympa- 
thetic system as represented by the vagi, the clTcct of these nerves on the therrnobaric 
relationship was studied in a series of 8 turtles. Vagotomy was usually followed im- 
mediately by a transient slight increase in heart rate from an average of 38 to 50. 
After a few minutes the lieart rate returned to essentially control values. Vagotomy 
had no significant effect on the blood pressure over a period of 160 minutes during 
which the animals remained at room temperature, about ae^C. 

Cooling, in a series of 7 turtles, resulted in a moderate fall in blood pressure, and 
rewarming was followed b}-^ an equal rise. Tlie heart rate also changed with the 
temperature, falling during the cooling period and rising during the rewarming. 
The average values for these two groups of e.xi}eriments are given in table 2. 
These results indicate that the vagi probably played little role in the body tempera- 
ture-blood pressure mechanism. 
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Ej^ect of Section of the Spinal Cord. The possible role of the central nervous 
system as represented by the spinal cord outflow -in the thermobaric relationship 
could be tested by section of the spinal cord high in the neck. Since this procedure 
is knoum to affect the blood pressure, it was necessary to quantitate this effect in 
order to have a baseline for further work. . For this purpose the cord was cut at about 
the first cervical segment in 14 turtles, and these were maintained at a constant tem- 
perature for a period of 60 minutes after section of the cord. Spinal reflexes returned 


Table i. Effect of maintained body temperatdee on blood pressdre 


1 

BODY TEMPERATURE 

S"C. 

IS'C. 

30 °C. 

4o''C. 

Blood 
pressure j 

Heart 

rate/ 

min. 

Blood 

pressure 

Hc.art 

rate/ 

rain. 

Blood 

pressure 

Heart 
rate/ 
rain. ^ 

Blood 
pressure ’ 

Heart 

rate/ 

min. 

Sys- 

tolic 

Dias- 

tolic 

Sys- 

tolic 

Dias- 

tolic 

Sys- 

tolic 

Dias- 

tolic 

Sys- 

tolic 

Dias- , 
tolic j 
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mm. 

mm. 


mm 1 

mm. 
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mm. 

mm. 



Bg 

Bg 


B: I 

Bg 


Bg 

Bg 


Bg 

Bg 


Immediate 

19 

12 

8 

37 

31 

19 

46 

34 

29 

28 

13 

38 

I hour 

17 

12 

7 

35 

28 

14 

39 

32 

36 

19 

II 

33 

2 hours 

18 

13 

' 6 

30 

28 

24 

44 

33 

40 

15 

5 

21 

3 hours 




29 

25 

24 

1 

29 

31 




Change due to cpi- 













nephrine 

+IS 

+ II 

-}-8 

+42 1 

+31 

— 10 

+35 

+26 

-6 

+ 13 

+16 

+33 


Table 2. Effect of bilateral vagotomy in turtles 



KEPT AT CONSTANT TEUPERATURE 

(sa-C.) j 

. WITH TEifPERATOTE VARIATIONS 

Blood pressure 

1 

Heart 

ratc/min. 

Tempera- 

ture 

Blood pressure 

Heart 

rate/min. 

Systolic 

Diastolic 

Systolic 

Diastolic 


mm. Bg 

mm. Bg 1 



mm. Bg 

mm. Bg 


Control . 

32 

22 

38 

22 '’C. 

27 

21 

46 


Bilateral vagotomy 


Bilateral vagotomy 

5 min 

31 

25 

5 ° 

lO^C. 

22 

19 

27 

20 min 

30 

23 

34 

20°C. 

28 

23 

32 

40 min 

29 

23 

41 

30°C. 

31 

27 

60 

60 min. 

28 

23 

38 





160 min 

28 

23 

43 






almost at once, showing, as is well known, the very short duration of spinal shock in 
poikilotherms. 

The blood pressure began to fall within a minute after section of the cord and 
became relatively stable in 15 to 30 minutes at an average of 16/ 1 1 mm. Hg (tables 
3 and 4). The fall in blood pressure was niore gradual in the animals /kept at io°C. 
than in those at higher temperatures. • Epinephrine (i mg. in i cc. of saline) was then 
injected into the aorta causing a marked rise in pressure similar to that seen in the 
normal animal, showing that the blood vessels Were still capable of responding to such 
pressor stimuli. The heart rate was generally unaffected by either the cord section 
or the injection of epinephrine. 
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Efcd fif Tcmpcraiure. Chav.gc A ftn Cml Seci'm:. For IIjc purpose of the prer^nt 
experiments the spinal cord was cut at the first ccm'cal level in 13 animal? and a pe- 
riod of 30 minutes allowed to elapse in order to permit the pressure to stabilise at the 
new lower values seen consistently after section of the cord (table 3), The animals 
were then cooled and rewarmed ns l>cforc and blood pressures ami heart rates were 
recorded at intervals. It was seen that although the heart rate usually increased 
somewhat at higher temperatures and dccre.ascd at lower Icmpcralurts, the blcKx! 
pressure did not change significantly. Average blood pressures and heart rates with 


Tabu; 3. Errrer or coin rr.cTio;f on I'.yyjn rersswK' 





C. j 

io'C. 

Bonv rr«tT.KArt'*c 


Dlit- 

Jjay'Je 

1 IlUt- 
[ 



net, //f 


Hi 

\ 

«■». Uf 1 nn. ifi 

Control 

3» 

24 

31 

\ 

22 

3^^ 1 2 ? 

5 min. .after cutting Cord. 

33 

• 7 

32 

16 

15 min. after cutting cord 

sp 

24 

14 

9 

13 8 

30 min. after aitting cord 

60 min. after cutting cord .....: 

so 

15 

13 

10 

II 

S 

; 

1 ^ 

12 1 9 

M.aximum press, after epinephrine. i 

36 

30 

44 

57 

1 39 1 32 


* Averages t.ikcn on $ turtles at each temperature. 


cooling and warming on rs turtles arc given in table 3. Similar results tvcrc obtained 
in 3 turtles in which the spinal cord was sectioned j.*, hours before the thermal testing, 
and in 8 other turtles after pithing of Uie bmin. 

DISCUSSION 

These results indicate that the thcrmobaric relationship is maintained when the 
animal is kept at constant temperature for periods up to 3 hours. Thus earlier find- 
ings that tlic blood pressure changes with body temperature in the poikilotherm (4, 0) 
are substantiated and shown to be dependent upon the temperature {>er sc, nithcr 
than upon the rate or direction of temperature diangc. On cooling from room tem- 
perature (about 22 C.) to about io°C., the blood pressure docs not always follow the 
temperature change, but further cooling will bring out the depressor effect. The sig- 
nificance of this is unknown. However, warming within phj'siological limits almost 
always results in an increase in the blood pressure. These higher blood pressures 
seen at higher body temperatures may play a role in increasing the rate of delivcrj^ of 
blood to the tissues when metabolic activity is increased. At higher thermal levels, 
38° and 4 o°£:., the preparation deteriorates rapidly, as shown by tlie fall in blood 
pressure. The response to epinephrine persists at these temperatures, although 
reduced in intensity. The constrictive properties of the blood vessels are therefore 
not markedly impaired. These results suggest tliat coordinating mcdianisms which 
adjust blood pressure to body temperature arc probably not able to function ade- 
quately at such high temperatures. Some aspects of lethal temperature levels arc 
discussed in another communication (10). 
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' 'Sections of the vagi which might affect both heart rate and splanchnic vaso- 
mption do Aot significantly affect the thermobaric relationship. Section of the spinal 
cord or pithing of the brain eliminated the effect of the body temperature change on 
the blood pressure. This occurs despite the fact that the heart rate may continue 
to increase with increasing body temperatures. The response to epinephrine injec- 
tion is also unchanged after section of the cord. It would therefore appear that in 
the turtle,, the temperature-pressure relationship is independent of changes in the 
heart rate or the reactivity of the blood vessels to exogenous vasoconstrictive agents. 
Instead, the relationship apparently depends upon the integrity of the central nervous 
system. 

These data on cord section and on pithing may thus be considered as evidence for 
the presence in poikilotherms of a thermosensitive mecham'sm which produces adjust- 
ments of the blood pressure in response to thermal stimulation. Such a mechanism 


TABI.E 4. Effect of body temperatuee change on blood pressure of turtles with 

SECTION OF CERVICAL SPINAL CORD 


BODY 

TEltPESATDSE 

COOTEOL 

ATTER COBD SECnON 

Blood pressure j 

Heart rate/ 
min. 

Blood pressure 

Heart rate/ 
min. 

Systolic 

Diastolic 

Systolic 

Diastolic 


mm- Eg 

mm. Eg 


mm. Eg 

mm. Eg 


loX. 

20 

13 

12 

IS 

10 

16 

20 ‘’C. 

28 

20 

30 

17 

II 

22 

3 o^C. 

32 

23 

54 

16 

ir 

27 

35 °C. 

38 

32 

80 

17 

1 12 

44 


may operate via either afferent impulses from the periphery or possibly by a direct 
thermal stimulation of the brain. In poikilotherms, such a mechanism obviously 
does not regulate the body temperature. Instead it may have other functions pro- 
ducing changes in the internal economy which permit more adequate adjustments to 
varying thermal levels to which such animals are repeatedly exposed. 

The fall in arterial pressure to low levels seen on destruction of the brain or on 
sectioning of the cervical spinal cord is evidence for the tonic control of the blood 
pressure by the central nervous system. The present studies suggest that such tonic 
control of the blood vessels may be varied in response to thermal stimuli, either via 
temperature receptors in the periphery or perhaps by a direct effect on a central 
thermoceptive mechanism. 


SUMMARY 

An increase or decrease in the body temperature of the turtle results in covariance 
of the systemic arterial blood pressure. These changes persist for periods of at least 
3 hours, if the body temperature is kept constant. At higher temperatures (38° to 
4o°C.) the pressure is not maintained, but falls to low levels and death ensues. 
Section of the vagi has no effect on the relationship. Destruction of the brain or 
section of the cervical spinal cord at the occiput results in a fall in pressure to levels of 
about 1 6/1 1 mm. Hg. After this procedure, warming or cooling of the animal no 
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longer rwults in ii change in hlooti pressure. 'Iljese cs|>ertments arc enmidtred as 
evidence for the dependence of the tcmjJcrotnrc-jiresMire relationship upon a mech- 
nniiun residing itj Use central nen'ous j^ystenn 
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DENERVATION AND THE EXCITABILITY OF CERTAIN 

MUSCULAR EFFECTORS 

F. HUTDOBRO and R. POBLETE 

From the Department of Pharmacology and Biological Chemistry, Catholic University of Chile 

SANTIAGO, CHILE 

D ENERVATED structures are more sensitive to chemical agents; this phe- 
nomenon, known as the law of denervation, was pointed out by Cannon 
(i) in 1939. There are some exceptions to this law. Ergotoxine and his- 
tamine produce a greater contraction on the normal nictitating membrane than on 
the denervated (2) . The response of the soleus muscle to KCl is increased by prostig- 
mine only in the denervated muscle, which is no more sensitive to KCl than the nor- 
mal (3). Altamirano, Fernandez and Luco (4) pointed out that the ergotamine and 
dehydroergotamine contraction of the nictitating membrane is larger on the normal 
than on the denervated side and that the depressor action of atropine and curarizing 
drugs is more pronounced on the normal side; the same thing happens on the superior 
cervical ganglion. It seemed of interest to us to determine whether there are other 
chemical agents that show exceptions to the denervation law. 

METHODS AND RESULTS 

Cats weighing 2 to 3 kg. were used, anesthetized with i cc/kg. of body weight 
with a 25 per cent solution of urethane (Merck), which contained 3.3 per cent of so- 
dium pentobarbital (Nembutal, Abbott). Both smooth (uterus) and skeletal muscle 
were used. The uterus was denervated 9 to 18 days previously (5). Kymographic 
records were made by Cannon and Rosenblueth’s method (6). Drugs were given by 
vein. 

Most of the experiments on skeletal muscle were made on the quadriceps dener- 
vated 53 to 126 hours and 6 to 22 days previously; the tibiahs and the soleus muscles 
were also employed, having been denervated 6 to 14 days previously. The femur or 
the tibia was fixed by means of drills as necessary. The muscular contractions were 
recorded by fastening the corresponding tendon to the short end of a lever loaded with 
rubber bands. Drugs, in these cases, were injected rapidly in the abdominal aorta 
below the inferior mesenteric arteiy, the lower aorta being ligated. When the quad- 
riceps muscle was used, the femoral artery just below the deep femoral artery was 
also ligated. The kymographic record of both structures was made with levers of 
the same length and with the same tension, although the tension of the normal side 
was sometimes a little greater than that on the denervated. The controls used were 
the uterine horn and the homologous contralateral muscles crushed centrally. The 
trachea was cannulated for artificial respiration when necessary. 

Drugs employed were adrenaline hydrochloride, i : 1000; histamine hydrochlo- 
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rick, 0.5:1000; b.-iriurn chloride (Merck), r :J5 o: pHuhriji (pifuitrol, S-'imfas), if/tc.; 
crgotaminc (j-^j'ncrgcne, Sando;*.), t:tc-oo; {*rof.tkmmc (Koche), r.roeo; cifjelne, in 
20% solution; vcratrine, 1:5000; and inlocostrin (Squibb), aor/cc. The vcrairint- 
and crautainine v/ere uticd in akoh.olk solution, the other drugs bdng dif ;v,!vcti in dis- 
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FiR. j. Gra'.ATCR rrreer of pituitrin on nortnxl uterine hern. A, Ik.'vrri.stoi 
uterine horn; d, nonnAl uterine 5 >om. Fit^:! 0.5U piusiirin in ftinca?.! v-rin. Feeoncl 5iiras.l'. 

a microKnuns of ndrcn.iliiic i.v. In this as in other tisture;^, time in rninutrr (vari.ttinns in jcpaci.n,'; cf 
time signals arc «iuc to chan;.trs in fpce<.J of kynu>gr.ap!d. 



Hg, a. GEc^tTCfe erreers of hiftaminc 
and !«rii!m ddoride on norma! uterine horn. 
U[)per record: uterine hem denen-ated SK 
days l>cfore. Lower: nomr.al horn. First 
signal, 1-5 microgiutrrs of histamine; second, 
3 mg. of liarium chloride; both into the fem- 
oral vein. 



tilled water. The volume injected was never more than i cc. and in general was 0.5 
cc. more or less. If one animal was injected with more than one dnig a sufficient 
time was permitted to elapse before the next drug was employed. Dntgs were em- 
ployed in threshold doses, or slightly in e.xcess thereof, bcc:ause the ma.ximal cffecls 
may be the same in normal or denervated structures (i). If the doses were greater 
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than the threshold ones, their action was far greater than the structure was capable of 
developing. 

Smoolh Mxisch. A base line joining the bottoms of the spontaneous contraction 
tracings of the uterine muscle was used to determine the height of the contraction 
produced by the drug. The initial level was restored for continuing the experiment 
if the tonus of the preparation changed during the procedure. Drugs employed were 
ergotamine, pituitrin, barium chloride and histamine. 

Ergotamine in doses of 0.75 to i mg. always produced a greater effect on the nor- 
mal uterine horn. The same thing happened when pituitrin was employed in doses 
of 0.4 to lU (fig. i). Barium chloride (1.6-3. 6 ^g-) produced greater contraction in 



Fig. 3 Fig. 4 

Fig. 3. Greater sensitivity of normal muscle to caffeine. A, Upper record: quadriceps 
denervated 6 days before; lower: normal muscle. At the signal, 0.15 gm. of caffeine intra-aortically. 
B, Upper record: normal quadriceps. Lower: quadriceps denervated 8 days before. At the signal: 
0.16 gm. of caffeine. At left of each graph, 80-gm. tension. 

Fig. 4. Greater sensitivity OF normal MUSCLE to veratrine. Upper record: normal quadri- 
ceps. Lower: quadriceps denervated 8 days before. First and second signals: 0.5 and i mg. of vera- 
trine. Left of each graph, 80 gm. tension. 

the normal than on the denervated uterine horn (fig. 2). With histamine in doses of 
I to 3 micrograms we have obtained the same results in 7 experiments out of 9 (fig. 2). 

Adrenaline was used to test the state of denervation. Luco’s results (5) were 
confirmed. In 7 of 9 experiments performed a greater relaxation was observed on 
the denervated uterine horn in comparison with the control side. 

Skeletal Muscle, i) Action of drugs on chro 7 iically denervated muscle in compari- 
son with the homologous co 7 itralateral nmscle crushed immediately before experiments. 

Caffeine. Caffeine injected rapidly into the terminal aorta in doses of o.io 
to 0.16 gm., in a volume of about 0.6 cc., produced a shortening in the normal as in the 
denervated muscle. In the kymographic record this shortening frequently took a 
tetanus-like form (fig. sA), but sometimes irregular twitches appeared superimposed, 
as illustrated in figure 3B. The sensitivity to the drug of both muscles (normal and 
denervated after 14 days) was not the same. The threshold dose to produce any 
effect was smaller for the denervated structure (fig. 3). This was found in 7' of 8 ex- 
periments (table i). 
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vated (22 days previousl}') structure (fig. 4). Tin's was the rule in 9 of 10 e-xperi- 
ments (table i). 

Prostigmine, Tlie doses employed intra-aorticnlly ranged between 25 and 
500 micrograms. The mean volume injected w'as 0.20 to 0.40 cc. In the normal 
muscle a small dose of prostigmine produced fascicular twitclies. A greater dose pro- 
duced a tetanic contraction in which the fascicular twitches appeared superimposed. 
In the denerv^ated muscle prostigmine caused only a tetanic contraction. The origin 
of fascicular twitchings is not perfectly understood. However, some nervous mecha- 
nism is accepted because tliey vanished with denervation and because the prostigmine 
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produced discharges of the motor nerve (7) . For these reasons the fascicular twitches 
have not been taken into account in the comparison of the sensitivity of normal and 
denervated muscles to the drug. 

If the sensitivity of muscles is judged by the presence or by the height of tetanic 
contractions induced by prostigmine, it must be appreciated that the sensitivity de- 
pends on time of denervation and the muscle studied. Normal tibial and soleus 
muscle is more sensitive to the substance until the eighth or ninth day of denervation 
(fig. 5.4)5 if the denervation time is longer, the denervated muscle is more sensitive 
(table i). A similar course was observed with quadriceps muscle; for 12 days (mean 



Fig. 5. Greater sENSirmxY of normal muscle to prostigmine and inversion of this effect by a 
prolonged time of denervation. A, Upper record: tibial muscle denervated 6 days before; lower 
record: normal muscle. At the signal: 300 micrograms of prostigmine. B, Upper record: normal 
quadriceps. Lower: quadriceps denervated 1$ days before. At the signal: 70, 50 and 250 micro- 
grams of prostigmine. At left of each graph, 80-gm. tension. 

time) the normal muscle is more sensitive, and after this time of denervation, the 
denervated one becomes the more sensitive (fig. 5B and table i). 

2) Action of drugs on the chronically denervated muscle in comparison with the 
homologous contralateral structure crushed for 126 hours. As pointed out above, the 
seMitivity of normal and denervated muscles to prostigmine depends on time of de- 
nervation; generally, the normal muscle is more sensitive, but when the time of dener- 
vation is longer, the denervated muscle becomes more sensitive. The explanation of 
this phenomenon is as follows; the result of the nerve stimulation by prostigmine (7), 
in addition to its action on the muscle (8), has a constant value; on the contrary, the 
prostigmine effect on the denervated muscle increases in relation to the denervation 
time. When the first two factors are greater than the second (sensitization by de- 
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Fig. 6. Greater effect of caffeine, prosligminc and vcnvlrinc in She chronically dencr\’.atcd 
muscle in comparison witl> dencrvalcd for some hours. Quadriceps muscle. A and B, same anim.al. 
Upper record: muscle denerwated 7 daj's before. Lo\vcr: muscle dcneniilcd for 76 hours. At the 
signal of A, o.O gm. of aiflcine. At the signal of B, 350 micrograms of prostigmine. Between A and 
Brig minutes. C, Upper record: muscle dcner\’atcd 1 1 daja before; lower: muscle denervated for "S 
hours. At the signal: 2 mg. of veratrine. At left of each graph, 80-gm. tension. 

neiyaiion) nprmal muscle is more sensitive to the drug. In the inverse the 
denervated muscle becomes the more sensitive. 

For testing this hypothesis the quadriceps muscle of one side was denerv’ated 13 
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days and the homologous contralateral 53 to isd.hours before the experiment. There 
was, therefore, a very sensitive muscle by denervation, and, as control, the homolo- 
gous contralateral structure was used in which the function of the motor nerve had 
beeii excluded by degeneration (9), but its sensitivity was less than that of the first, 
because the sensitivity to acetylcholine, at least, begins at the third day of dener- 
vation. (9). 

In these groups of experiments we also tested veratrine and caffeine — the former, 
because it has the propertj'- of producing impulses of the nerve (10) and of producing 
muscular contracture (ii, 12), and the latter, because it is an important exciting 
agent at the central nervous system and is able to stimulate the skeletal muscle 
directly. 

The results in table 2 show clearly that the chronically denervated muscle is more 
sensitive than the normal to prostigmine, veratrine and caffeine (fig. 6). 

DISCUSSION 

Drugs Acliiig Directly Upon Smooth Muscle. Ergotamine, pituitrin, histamine 
and barium chloride produce a shortening of smooth muscle, regardless of the inner- 
vation. This action is a direct one on the muscle fibers (13), Barium chloride can, 
furthermore, produce some alteration at the myoneural junction (14). The normal 
uterine muscle is more sensitive to these drugs than the denervated one. Other ex- 
ceptions to the denervation law may be cited. Rosenblueth (2) pointed out that 
the normal nictitating membrane is more sensitive to histamine and ergotoxine, and 
Altamirano, Fernandez and Luco (4) foimd greater sensitivity to ergotamine and 
dehydroergotamine in the same normal organ. 

Drugs Acting on the Motor Nerve and on Skeletal Muscle. Denervated skeletal 
muscle is more sensitive to prostigmine, veratrine and caffeine. Although it has not 
been directly demonstrated, our results are in agreement with those of Masland and 
Wigton (7) because prostigmine can produce stimulation of the nerve, and with those 
of Arvanitaki and Fessard (10) because veratrine can excite the motor nerve. As far as 
we know, this property has not previously been described for caffeine. These results, 
as well as those reported in the literature, reinforce the position of Altamirano, Fer- 
nandez and Luco in not accepting Cannon’s explanation of the denervation law; that 
the greater sensitivity of the denervated effector may be due to an increasing permea- 
bility of the structure (i). We also agree with them that the formulation of the 
denervation law must be modified, once the destruction of efferent neurones does not 
increase irritabih'ty to chemical agents but changes this irritability. 

SUMMARY 

The effects of ergotamine, pituitrin, histamine and barium chloride were studied 
on normal and denervated uterus in vivo in cats anesthetized with sodium pentobarbi- 
tal. Effects of prostigmine, veratrine, and caffeine on normal and denervated skeletal 
muscles were studied. The normal uterine horn is more sensitive than the denervated 
muscle to the drugs employed. Quadriceps tibial and soleus muscles crushed imme- 
diately before the experiment are more sensitive than the denervated structures to 
caffeine and veratrine, and are more sensitive to prostigmine in comparison with the 
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INCREASED RATE OF UREA FORMATION FOLLOWING 
REMOVAL OF RENAL TISSUE' 

EDWARD C. PERSIKE and T. ADDIS 
From the Department of Medicine^ Stanford University School of Medicine 

SAN FRANasCO, CALIFORNIA 

T he experiments presented here show that the rate of urea formation is 
accelerated in rats during the atet 24 hours after removal of three quarters 
or all of the total renal tissue, and that the greater the amount of kidney- 
excised the greater is the quantity of mrea formed. The observations were made 
on rats in which urea formation from food protein was excluded by subsistence 
on a calorically adequate diet containing no protein. Urea formation was cal- 
culated for consecutive 4-hour intervals, the amount of urea formed being derived 
from changes in the body urea content and from the quantity of urea excreted in 
the urine. 


METHODS 

Three hundred and ninety-two healthy female albino rats, selected at body 
weights of about 150 gm., were divided into 40 groups of approximately 10 rats 
each. The average body weight was 150.8 gm. with a standard deviation of 3.6 gm. 
Before the experiments, all rats were maintained on an adequate stock diet con- 
taining 17 per cent protein. After selection^ the rats within each group were placed 
in individual cages and were fed a solution of 15 per cent glucose in water containing 
0.4 per cent sodium chloride and vitamins of the B complex. After 48 hours of 
glucose feeding, 2 groups of unoperated controls were killed, 8 control groups were 
submitted to a sham operation in which both kidneys were exposed and handled, 
in 21 groups 75 per cent of the total renal tissue was removed, and in 9 groups a 
complete nephrectomy was performed. A small amount (less than i ml.) of intra- 
abdominal bleeding occurs from the stump of the remaining kidney when 75 per 
cent of the total renal tissue is excised. Therefore, one kidney from each rat sub- 
jected to total nephrectomy was first incised and allowed to bleed briefly into the 
abdominal cavity before removal, in order to make the different operative pro- 
cedures alike except for the amount of renal substance removed. Following opera- 
tion, the rats were returned to individual cages, and the glucose feeding was con- 
tinued until autopsy. 

Two groups of sham-operated controls were killed at each of the following in- 
tervals after operation, at 4, 7, 16 and 24 hours. Three groups of animals from 
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which 75 I'tcr cent of t!jc totn! renn! thsuo hitl licai mnovwi ^'/tre hilled zl ths end 
of the ist, 4lh, 7lh, tefh, t6f,h, ?oUi nnd ;Mlh lif?uf nftcr operation Three gronjH 
of ruts from which all kidney ^nhsiunce had hc«J rtmoveei were killed 4, r6 and ?4 
hours after operation. The rats were ktlleri utufer ether anesthwa hy exs-inguina* 
tion. Aliquot portions of serum w'crc joined to form one serum pool for each group. 
Urine collections were made immediately hefore e.tcJi groti;) wa? killed^ *4nd the 
individual collections were com!)ined to malm one urine fw! for each group. 

Urea was dctcmiincd l.»y the ttrease aeration methf^d of .Addis (t), all jsscasure- 
incnt.s being made in dujdic.Uc, The amotiru of ttrea form«! duritzg twch period 
was estimated hy adding to any tire.a csCTCtcd ifs the urine during that time the 
difTcrcncc between tlie avemge ure.t content of the Iwly foutsd .at .lutojKy and the 
average urea content of .‘zimilarly trcaierj groups that had Iseen kiiled .at the end 
of the preceding j>criod. d'lic ure.a content of the bofjy was obtained by mukiplyiag 
the mg. of urea per ml. of senim by the number of mi. of water in the body as cal- 
culated from the live body weight, assuming for tltss puqyyfG that the total IkkIv 
water in a rat is tj.t }>cr cent of its body weight. I fere we depend ort Pace and Rath- 
bun (2) who used the d.'iia of Asluvorth .and Cowgill fj). 

Before opemtion, all tlic rats were npprouchifjg .a ndnimum rate of urea forma- 
tion. In the groups killed licfore ojKrrution, we found ntj average scrunt urea con- 
centration of 0.0 mgyheo ml. Their body weight w.w* 150 gnu, and thdr total 
water content was estimated as 63 per cent of 150 or 94.5 ml, 'Th.dr total urea 


content 48 hours after consuming nothing hut glucose was thus 


9- 0 m g. 

10- ami. 


or 8.5 mg. of urea. W'e say they were only appauaching a minimum because we 
have found llial when thi.s diet b continued for more than 48 hours somewhat lower 
scrum urea concentrations and lower total body urea contents may lie obtained (4). 
We may assume, therefore, that during the neat 24 iiours, the prriod during which 
our obscrs'ations were made, urea formation would ortlinarily be veiy slowly falling. 
Here, then, is a minor error in our calculations, one which has the effect of under- 
estimating the increases in urea formation we found after operation. 

It should be noted that the total urea content of each group was estimated at 
one time only, nameU' when they were killed. It m.ay seem that we might have 
obtained more precise rcsult.s if we liad measured the scrum urea concentration 
of each group at the beginning as well as at the end of caeJi period. This, however, 
would have required tail cutting or cardiac puncture. Our c-xiacricnce h.as been 
that either of these procedures may at times, and in certain animals, induce wide 
deadations from the average behavior of undLslurbcd controls. Lippman has shown 
tliat tliis is true with respect to renal function in the rat (5). We have no data 
on the metabolic cITecls, but the effect of large licmorrhagc on the rate of urea forma- 
tion of nephrectomized rats has been studied by Engel and Engel (6). 

The group method w'C have used requires the use of a large number of rats, 
nearly 400 in this instance. hav’C adopted it as preferable to working with 
individuals, not only because avc were thus enabled to avoid bleeding, but also be- 
cause we believe that when as many as 40 comparable groups arc used, we diminish 
the effect of individual variation. The group of 10 then becomes tlic individual, 
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and unexplained fluctuations in behavior are decreased. Thisj however, is not 
a random statistical group, but one in which each member of the group is known 
to have conformed with a series of particular requirements. During the collection 
of urine, the rat’s behavior and appearance had to be not unusual. The urine 
volume had to be not veiy much less than that obtained from the others. Finally, 
at ^e post-mortem examination made immediately after the urine collection had 
been completed, it was seen that no urine was left in the bladder, that there were 



Fig, I. Average serum urea concentrations and rates of urine urea excretion. The excretory 
rates are plotted as midpoints and the faint horizontal lines crossing the rates of urea excretion repre- 
sent the time during which the urine collections were made. 

no signs of circulatory failure, no gross organ anomalies, and that the centrifuged 
blood gave a clot volume neither unusually large or small. When any of these 
abnormalities were observed the urine and serum of that rat were discarded. Very 
few of our animals were rejected for any of the above reasons, but that was only be- 
cause we had the good fortune to work with highly standardized healthy young 
rats. This is, indeed, a prerequisite for the safe use of such a group method because 
it is obvious that averages of only io' concentrations and rates nught be misleading 
if they included even one measurement greatly influenced by some unsuspected 
factpr of an individual nature. ... 

An essential element in the reliability of the results is the degree of precision 
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achieved in the collection of short time urine colleciionri. The mstiwi ve used 
has been described in detail elsewhere {7). 

nrsvi.^fx 

The senim urea <'oncerurntions and the riUea of urea etcretion for succejilve 
4 hourly periods after 0|>entfion arc showm in fjgtsre i. 

In the controls the rerum urea concentrationn me a little and the rates of urea 
excretion increase for the fsrst 3 }K:riods but thcreaftef both concentrations ami 
rates fall to or below the j)reo|icrativc levels. 



t 4 » >2 ts to £4 

I TIMC W MOORS ASTtn CTtRATlOM 

Fig. 3. Avr.RACK r-ATis or urea formation (urine urea rjcarlion per ^dmr period plus tbt dif- 
ference bctivcen the Iwly urea content nl the licginning and al the end of the j^eriod, corrected to 150 
gm. body weight). 

In the groujis from which 75 j>cr cent of (he renal tissue was removed the scrum 
urea concentration i.s almost doubled within an hour after operation and then rises 
in a straight line for 16 hours and is llicrcaftcr maintained at a level four times 
higher than that of the controls. For the first 2 liours after operation there was 
complete anuria, and for liic second a hours the rate of urea c-ccrclion was low, 
but from that time on urea c.xcrction rapidly increased, equalling the control rate 
by tlic 7tli hour, c.xcccding it by 100 per cent by the 14th hour and continuing at 
nearly double the control rate until the 24th postoperative hour. 

The completely ncphrcctomized groups show a steeply rising scrum urea con- 
centration that increases steadily until, at the 24th postoperative hour, it is j 7 times 
higher than the concentration of the groups from which 75 per cent of the kidney 
had been removed. 
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The amount of urea formed during each postoperative 4-hour period 
was calculated from the -data given in figure i, by adding to any urea excreted in 
the urine during that time the difference between the urea content of the body at 
the beginning and end of the period. The results of these calculations are given 
in figure 2. ■ 

During each successive period the rate of urea formation was greater in the 
totally nephrectomized groups than in those from which 75 per cent of the renal 
tissue had been excised, and in turn this latter rate was considerably greater than 
that of the controls. If we add the total urea formed over the 24 hours of obser\’-a- 
tion we find that the nephrectomized groups formed 120 mg. of urea per rat, the 
75 per cent groups 88 mg. per rat and the sham-operated controls 40 mg. per rat. 

DISCUSSION 

The significance of the urea formation figures we have given depends on the 
validity of the assvunptions made in their calculation. It is conceivable that under 
the particular conditions we observed these assumptions might involve errors so 
large that they would invalidate our conclusions, not only quantitatively but even 
qualitatively. For this reason, but mainly because the measurement of the rate 
of urea formation may prove to be a useful tool in the field of protein metabolism, 
a discussion of the basis for the method should precede any conclusions. 

, We are indebted to Engel and Engel (6) for the first clear expression of the 
idea that we can derive the urea content of the whole body by multiplying the urea 
concentrations of the serum by an estimate of its total water content. This is 
possible because urea diffuses into every cell and every fluid of the body, distributing 
itself through the water of ever)’’ tissue in equal concentration, a fact first demon- 
strated by Marshall and Davis in 1914 (8). It follows that if we determine the 
concentration of urea in i ml. of serum and multiply it by the number of ml. of 
water in the body we caii approximate the urea content of the body at tliat moment. 
Engel and Engel also saw that if these measurements are repeated after an interval 
of time we can find to what degree the urea content of the body has increased or 
decreased. During this interval, urea has been leaving the body through the kid- 
neys, the', only place from which urea is excreted at a concentratiop higher than 
that in which it exists in the body water. Therefore, if the rate of urea excretion 
is determined we can get the amount of urea that is formed by addmg to the ex- 
cretion rate the increase or subtracting from it the decrease in the urea content 
of the body that has' occurred during the time interval over which the 
rate is measured. 

Admittedly the calculation can give us no more than a first approximation® 
because the water content of the body is a quantity so hard to define. There is 
water that for many metabolic purposes is outside of the body, which is withm 
it as far as urea is concerned. Urea diffuses into the large a.nd variable volume 
of water that comes and goes between the body and the interior of llie gastro-in- 
testinal tract. Not all the urea that enters the gut returns as such, for part or 

' ® The degree to which urea concentrations may. deviate from an exacfequality of concentration 
in the water of each part of the body is not yet decided. See, for instance, the careful work of Ralls 

(9). 
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all of it jnay be (iecomfwsed to ammonium oarlionatc by tirc.iK contamint; bacteria 
in the colon. This, of coursf, is no final lo.cs heousc the liver v,*ill form urea again 
vrhen the ammonia corner, to it in the imrta! blood. lby.ve\»cr, the facility vdtb 
which ure.a diffuses into ilie alimentasy cinal maker, it necessaiy to take the %-atcr 
in the alimemtary canal into account and this is done wlien we base our estimate 
of total body water on live, body weight. 

In our p.irticukar c.x(>criment.s there i.s a sjieclaj critid.sm .arHng from the fact 
that wc tiid not measure tJic body water but tired an average calcu!at«l estimate. 
For preliminary* purpostes of relative orientation tins may be I'scrmirsible wlicn the 
conditions are .sueJt that we need not sur.|>ect rapid changes in total body water. 
But in our cjcpcrimcnts v.'c had reason to think tls.at, the w.atcr content of tlie com- 
pletely ncphrectomir,c<l rats had increased, d'hc tissues at the end of the r4-hoor 
period seemed to he welter than urats! ami there wa-s fome free .atidoniinal fluid 
not found in the other groups. ITom an abifoiutc pnnt of victv we the.'cforc cannot 
place any reliance on the preci.sion of the iro mg. {wr rat urea formation wc found 
over the hours in the totally nephrectomired groups. Hut it is irnjwrtant to 
notice that the error is such tiiat it v.'ould !e.ad to an underc.stmwtc of the actual 
amount and that, a fortiori, the qualitative condusion that there is an increase 
in urea formation in ncphrcciomircd rats .still st.aneks. A constant c-mor is. of course, 
incurred by treating .scrum us if it were water. 

But to us the most imjmrtant ohscrwition th.it can he made about the calcula- 
tion of urea formation is that we can only hnf>e for un.-imhiguous results when the 
measurements are made under the conditions we u.'ied with res^iect to the rr.mov.nl 
of food protein from the gastro-intestinnl tract. The production and absorption 
of amino acids in the gut is so variable and, under ordinary circumstances, so large, 
that unless Uiis factor is eliminated it is dimeuU to assign any precise meaning to 
urea formation resulf.s. Only when wc c.nn be sure th.nt none of the urea tlunl is 
formed comes from precursors calcrnal to the hmly cm wc l.ikc the figures as an 
indac of the rate of body protein catabolism. I’hul, even then, it is a complete 
measure of body protein aitaholism is still ojjcn to question, hut that it measures 
a preponderating part of the total (aitaholism is .at least a reasonable supjKisition. 
This, however, is no more than an addendum to the (heorctictil considerations prty 
sented by Ogden and Tripj) (10). 

If we accept our results as indicating, not quantitatively but qualitatively, 
that the more renal tissue wc remove the greater is the rate of urea formation, wc 
have to ask what reason there may be for tliis, to us, suqrrising finding. It is not 
an isolated obsen*ation, for several years ago it was shown in this laboratoiy that 
the rate of urea c-veretion •was considerably increased in quarter kidney rats fed 
only glucose, an increase that was accompanied by an increase in scrum urea con- 
centration, so that there must have been an increase in urea fonnation (ii). We 
cite these experiments because they extended over a period of 7 days. It would 
seem then that what wc observe in the present experiments within a space of 24 
hours, is more than a transient postoperative phenomenon. Yet it is contrary 
to the conclusions of Reid (12) who finds a decrease in urea fonnation in ncphrec- 



Jtdy Ip4p 


UREA FORMATION AND NEPHRECTOMY 


155 


tomized rats which he attributes to the cessation of deamination in the kidney. 
Further, Mylon, Smith and Goldstein (13) show a decrease in urea foimation in 
dogs with nitrogen retention induced by reduction in the quantity of renal tissue 
when amino acids are given. It may be that the increase in urea formation we 
find occurs only when the rate of protein metabolism has been reduced to a minimum 
before operation by giving no protein and a calorically adequate amount of glucose. 
In the present experiments we were not able to get precise measurements of the 
amounts of glucose consumed. We suspect that the variations in the formation 
of urea shown in figure 2 during the successive periods, particularly evident in the 
controls, may have arisen because many of the collections were made during the 
day when rats go to sleep and drink less than in the night. Even transient caloric 
inadequacy may raise the level of urea formation when protein metabolism is very 
low. For in experiments we shall report later w'e observed an increase within four 
hours after no food was given and this was more marked where water as well as 
glucose was withheld. 

The first explanation of our findings that comes to mind is that the 3 degrees 
of urea formation are a consequence of three degrees of trauma in the operations. 
To us this seems inapplicable because in all cases a double laparotomy was per- 
formed, in all cases the kidneys were handled and in no case did any operation take 
more than a few minutes. It is true that of the 3, the 75 per cent removal was 
presumably the most traumatic, since half of the remaining kidney was excised. 
Yet in the simpler operation of double nephrectomy we find a greater increase in 
urea formation. 

When Bondy and Engel (14) nephrectomized rats they found that the rate of 
urea formation rose until they died, but when the adrenals as well as the kidneys 
were removed the level of urea formation did not change. The simplest explanation 
of our results would be to suppose that some substance that accelerated protein 
metabolism was retained in the body as a consequence of the removal of renal tissue. 
That caxmot be the only factor because the increase in urea formation occurs during 
the first four hours after operation, and has no relation to the degree of retention of 
urea. But it is still possible to view the total increase as the combination of an 
initial increase due to trauma, plus a later increase due to uremia. We adopt this 
as a provisional working hypothesis. 


SUMMARY 

On a diet of 15 per cent glucose in 0.4 per cent sodium chloride when urea ex- 
cretion is approaching a minimum, the rate of urea formation in rats is increased 
during each 4-hour period of the first 24 hours after removal of 75 per cent of the 
total renal tissue, the increase being measured relatively to similarly traxunatized 
control rats whose kidneys were left, intact. Under the same conditions, a greater 
increase in urea formation follows the complete removal of both kidneys. During 
the first 24 hours after operation, controls with both kidneys intact form 40 mg. of 
urea per rat per 150 gm. body weight, rats left with a quarter of their renal tissue 
form 88 mg. and rats with no renal tissue produce 120 mg. of urea. 
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Inflation of the intracranial balloon was followed by respiratory depression 
and Sornetimes apnea in addition to the above-mentioned effects. Enough fluid 
(average 5.8 cc.) was injected into the balloon to produce bradycardia, but intra- 
cranial tension was not maintained at a level sufficiently high to cause marked 
respirator}'- depression. In certain animals the range between maintained brady- 
cardia and severe respiratory depression was quite narrow, and in these cases it was 
difficult to establish a persistent large increase in mean pulmonary venous pressure. 
However, since the o.xygen content of femoral arterial blood fell on the average only 
1.4 vol. per cent after brain compression, it seems unlikely that liypoxemia played 
a major role in these e.\periments. The possibility has not been ruled out, how- 
ever. 

On the basis of earlier work on guinea pigs and because of the corroborative 
evidence supplied by the development of bradycardia and high pulmonarj'- venous 
pressures in the dogs subjected to increased intracranial pressure a working hypoth- 
esis may be advanced. The hypothesis is that brain compression is associated 
with increased vagal tone, and the latter results in bradycardia, high pulmonary 
vascular pressures, lowered cardiac output and pulmonary lesions. Restoration of 
the heart rate to control levels or higher with atropine resulted in the reestablishment 
of normal cardiac outputs and in the return to normal of mean pulmonary vein and 
artery pressures. Subsequent additional increases in the elevated intracranial ten- 
sion were without effect in the atropinized animals. The 4 atropinized dogs showed 
only slight pulmonary pathology at autopsy, and 3 of these animals were killed while 
in good condition. On the basis of these findings one might suggest that the ad- 
ministration of atropine to patients exhibtliug bradycardia as a result of increased 
intracranial pressure following traumatic or spontaneous intracranial hemorrhage 
might be tested as a measure which might decrease the incidence or severity of the 
lung edema otlierwise seen frequently. 

CONCLUSIONS 

Elevation of the intracranial pressure in anesthetized dogs was found to be 
followed ordinarily by a) bradycardia, h) lowered cardiac output and c) increased 
mean pulmonary venous and arterial pressures. These effects were independent of 
whether there was spontaneous or artificial respiration. When the pulmonary 
venous pressure rose above 20 mm. Hg significant degrees of pulmonary edema, 
congestion and hemorrhage were seen at necropsy. In some instances such lesions 
were seen at lower venous pressures. Administration of atropine after induction of 
the changes listed above as following maintained elevation of the intracranial pres- 
sure, reversed those changes, and significant pulmonary edema did not occur. 
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CIRCULATORY CHANGES IN THE DOG PRODUCED BY 
ACUTE ARTERIOVENOUS FISTULA' 

A. VAN LOO» AND E. C. HERINGMAN 

From the Cardiovascular Department,^ Medical Research Institute, and the Department of 

Surgery, Michael Reese Hospital 

CHICAGO, ai-iNors 

C irculatory changes produced by an arteriovenous fistula have been ex- 
tensively studied. Conflicting ideas however still persist (i-6). The pres- 
ent study was undertaken to see whether or not some of these contradictions 
might be resolved by the simultaneous and systematic determination of a number of 
these factors. Measurements of systemic and pulmonary arterial pressures, central 
venous pressure, heart rate, cardiac output, flow through several parts of the body 
and local peripheral resistance were made in order to compare the immediate effects 
of opening and closing the fistula on circulatory dynamics. 

METHODS AND RESULTS 

General. Twenty dogs weighing ii to 22.5 kg, were used. Nineteen of the ani- 
mals were anesthetized intravenouslyeitherbychloralose (100 mg/kg.), chloralose plus 
morphine (0.5 mg/kg.), urethane (1.5 mg/kg.) plus morphine, or sodium pentobarbi- 
tal (25 mg/kg.) (table i). In addition, one unanesthetized trained dog with an A-V 
fistula of four weeks’ duration was studied. In 12 dogs A-V shunts about 2 cm. in 
length were produced between the left femoral artery and vein approximately 5 cm. 
below the inguinal ligament by means of a side to side anastomosis in the manner de- 
scribed by Holman (3). In the remaining 8 dogs, a paraffinized glass U-tube was 
connected to the proximal ends of the left femoral artery and vein: 30 to 50 mg. of 
heparin being injected intravenously to prevent clotting in the cannula. Our main 
interest was the study of the general circulatory changes rather than those occurring 
locally. 

Blood Pressure and Heart Rate. Right femoral arterial pressure and heart rate 
were determined in each dog from a Hamilton manometer record. All measurements 
were made about 15 minutes after the shunt was first established. Pressures and 
rates recorded continuously during the periods with the fistula open, with the fistula 
closed for one minute, and with the fistula reopened for one minute, are tabulated in 
table I. Compression of the fistula consistently produces a sudden increase in both 
systolic and diastolic pressure which reaches a peak in 3 seconds and is usually associ- 
ated with a slowing of the rate (Nicoladoni-Branham sign). The blood pressure then 
falls somewhat and becomes stabilized at a level somewhat higher than that found 
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prior to compression. With rclcusc of compression, the picture is reversed. There 
is a drop in blood pressure to the lowest level at the end of 3 seconds and an increase 
in heart rate with a return to the original values. The average pressure responses 
and rate changes in the 10 dogs anesthetized with chloralose can be seen in figure i. 

Between tlie peak and the stabilization of tlie pressure cun'c, a ‘rebound effect’ is 
frequentl}’’ found during which the pressure may drop almost as low as the level prior 
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to compression. The same phenomenon but in the opposite direction is noted upon 
release of the fistula. This type of curve, illustrated in figure 2, was present in dogs 
3i 4) 5; 7-> ^3 ^wd in all dogs anesthetized with sodium pentobarbital. 

Pressures in ihe Vessels at the Site of the Fistnla. In 7 dogs, pressures were ob- 
tained in the femoral vessels distal and proximal to the fistula and in the fistula itself. 
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Fig. 2. PRESSXJRE CURTO illustrating the ‘rebound effect’ 


Fig. 3. Typical pressure re.adings in and around an 
arteriovenous fistula. 
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A typical example of the results is shown in figure 3. It can be seen that the pressure 
in the proximal artery is maintained without significant change almost to the site of 
the fistula. It falls sharply in the fistula proper and in the proximal vein where the 
pulse pressure becomes zero at a distance of 2 cms. from the fistula. In 3 cases, the 
pressure in the distal vein was slightly higher than in the distal artery and occasion- 
ally a slow retrograde flow into the distal vein was seen. 

Blood Floxo in Varmis Parts of ihe Body. The fact that the blood pressure and 
heart rate changes are not maintained at the maximum levels on opening and closing 
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the fistula iiulicatcs liml certain com{x:nsator}' mechanisms arc called into One 
of ihe cornjjcnsfttor)' factors could he n change in blood iloir to other |wrts of the 
body. 'J'o check this jKissiiilc factor a Liidivig strommuhr ivas introduced into the 
oppos'UefcmoralartCTyandblood fiow mcasuremcrils r.-ere made with tbcfotuh ojicn 
anti closed. Figure 4 show.s typical ch.nngtrs in flow correlated ‘.viiU the mmn .arterial 
pressure. Some jrarnllclism is present between tlsc Iv/o. Kcvcrtiielcss the results 
shown in t.ible 2 suggested that the ni.irkctfl tlifTercnces in blood flow .are not e.nUrciy 
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due to the changes in mean arterial pressure but arc due in p.irt to some reflex 
vasomotor changes in the blood vessels. To investigate the presence of active 
vasomotor responses to the fistula, measurements of oxysf o/jc blood pressure gradients 
in the opposite femoral artety tvere made. These measurements were [X’rformed in 
dogs 2, j, 4, 5, S and 10 using the technique described by Williams and Schroeder (7). 
This technique is based upon the principle tlmtwhen an arterj’ is suddenly clamped, 
tlie gradient of pressure fall distal to the clamp is a function of tlie degree of peripheral 
resistance in this arterj'. Numerous readings were taken with the fistula open and 
closed. A tj'pical example of these gradients is shown in figure 5. It can be noted 
that within 3 seconds following compression of the fistula, the peripheral resistance 
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has markedly decreased and after 10 seconds when the blood pressure has already 
fallen, the peripheral resistance is apparently decreased further. This indicates an 
active vasodilatation at 10 seconds. The opposite effect occurs on reopening the 
fistula indicating an active vasoconstriction. 

The possibility exists that changes in blood flow occur in other vessels of the 
body as well as in the opposite femoral artery. This was studied further by means of 
venous oxj^gen deficit determinations. Since the total metabolism of the body re- 
mains unchanged when the fistula is open and closed (see below), it was postulated 
that vuthin the times required for these experiments, no changes occur in the local 
tissue metabolism. Therefore, the comparison of oxygen deficits in various veins of 
the body should give a good indication of the changes in flow from the areas drained 


Fig. 5. Systolic blood 
PRESS tTRE gradients obtained upon 
opening and closing the fistula. 



by these veins. Blood samples were taken in the usual way before compression and 
after one minute of compression and oxygen content determined with the usual Van 
Slyke technique. Percentage change in flow was calculated according to the follow- 
ing formula: 


% change in flow 


AVo X 100 
AVc 


100 


where AVo = arteriovenous o^gen difference with fistula open, and AVc = arterio- 
venous oxygen difference with fistula closed. 

Table 3 shows that there is a decreased blood flow in the opposite femoral vein, 
the jugular vein and the superior vena cava. The opening of the fistula therefore does 
lead to a decrease in flow in other parts of the body. An increased flow was found 
in the inferior vena cava in a ntunber of experiments. It is explained by the in- 
creased amoimt of blood being shunted through the fistula. In dog 18, there was no 
such increase in inferior vena cava flow indicating that on some occasions the blood 
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flow from veins draining the lower part of the body is reduced sufliciently to neutral- 
ize the increase in flow through the fistula. 
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Central Venous Pressures. Since it was found that in most cases of acute ar- 
teriovenous fistula there was an increased blood flow in the inferior vena cava, it was 
considered worthwhile to determine whether there was an associated change of venous 
pressure in this vessel. Measurements were therefore made by catheterizmg the in- 
ferior vena cava near the heart via the right jugular vein. At first a saline manometer 
was used but the readings proved unreliable. The same measurements were then 
repeated with a very sensitive Hamilton manometer. In no instance was an increase 
in central venous pressure found on opening the fistula despite the increase in rate of 
blood flow. 


Table 5. Comp^veison of change in cardiac output on opening A-V fistula 

WITH FLOW THROUGH FISTULA 


DOG NO. 

CARDIAC OUTPUT I 
riSTULA OPEK 

CARDIAC OUTPUT 
FISTUtA CLOSED 

DIPTEREKCE 

PLOW THROUGH 
FISTULA 


lltnin. 

lltnin. 

cc/min. 

ccimin. 

19 

2.10 

2.04 

60 

160 

9 

2.34 

2.14 

200 ! 

320 

after atropine 

3-12 

3.02 

100 

320 

10 

1.28 

0.99 

290 

320 

12 

2,36 

2.12 

240 

450 

15 

2.49 

2.06 

430 

480 

1 

^3 

2 . S 3 

2.23 

300 

1 440 

after atropine 

4.35 

4.35 

0 

440 

14 

2.97 

2.81 

160 

200 

after atropine 

3 - 3 ° 

3 - 3 ° 

0 

200 

18, 

1. 91 

1. 91 

0 

160 


Cardiac Oiitput Studies. Cardiac outputs were measured in 8 dogs by the direct 
Fick method. Arterial blood was obtained from the right femoral artery. Mixed 
venous blood was drawn from the pulmonary artery by means of a catheter introduced 
through the jugular vein under fluoroscopic control. The oxygen consumption was 
determined by means of a basal metabolism apparatus attached to a tracheal cannula. 
All blood samples were taken after the fistula was opened or closed for one minute. 
The results of these studies are detailed in table 4. 

In 8 dogs the blood flow through the fistula was correlated with the cardiac 
output. 

The oxygen consumption in each instance was unchanged by opening or closing 
the fistula. These were the animals in which a glass cannula was used to produce an 
arteriovenous shunt. Approximate values for the blood flow were obtained at the 
end of each experiment by detaching the cannula from the femoral vein and measuring 
the volume of blood loss during 10 second intervals. Table 5 shows the results ob- 
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tnincd. In no instance did the increase in cardiac otilpiu compensate cntirciy for the 
amount of blood flow through the shunt, confmning again the observation that op|» 
sitc changes in blood flow occur in other parts of the systemic drculaton' rystem. 

PiiJmonary Artery Pressures, ruhnonaiy artcr>' pressures were measured in d 
animals, with n sensitive Hamilton manometer {table 6). A t^'pied example of the 
pressure changes in the pulmonary artery pressure is shown in tigure 6, 
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Fig. 6. Ti-piCAL cuAN'cns in pulmonarj' ariery pressure on closing and opening the fistula 


niscassiox 

The choice of a suitable ancsUictic agent is essential for the proper study and 
evaluation of the hcmod^mamic dianges in heart rate and cardiac output. Because 
of its inhibiting action on the vagi, pentobarbital anesthesia cannot be used in e.xperi- 
ments whicli require normal vagal responses. Studies on heart rate and cardiac out- 
put in unanesthetized trained dogs (unpublished datvi) have shown that the closest 
approximation to normal conditions was obtained by the use of chloralose anesthesia. 
Under urethane anesthesia, vagal responses were adequate for the purposes of this 
investigation. 
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Femoral fistulae were preferred because they were far from the heart and large 
shunts could be constructed easily in this area. Jugular-carotid anastomoses were 
not used because of their proximity to the carotid sinus. 

From the data obtained it appears that there are two mechanisms by which the 
cardiovascular system immediately compensates for the flow of blood through the 
fistula; a decreased blood supply to various parts of the body and an increased cardiac 
output. The decrease in blood flow in other vascular areas when the fistula is open 
is due not only to a lower mean arterial pressure but also in large measure to peripheral 
vasoconstriction. Following the establishment of the fistula the cardiac output is in- 
creased. 

The fact that the central venous pressure does not change at any time is signifi- 
cant. The explanation for the absence of any change in central venous pressure is 
as follows; in the 3 to 5 seconds following the opemng of the fistula the arterial pres- 
sure is decreased causing a fall in the head of pressure on the venous side. After this 
period of time the peripheral vasoconstriction and the increased cardiac output come 
into play. Associated with these changes there is also an increased velocity of blood 
in the inferior vena cava as shown by Heringman, Davis and Rives (8). The periph- 
eral vasoconstriction reduces the returning venous flow from the periphery outside 
of the fistula circuit. Despite the reduction of peripheral venous flow there is an in- 
crease in central venous flow coming from the fistula which is absorbed by the increase 
in cardiac output without any cehtral venous pressure rise. 

On the basis of these findings it is felt that this dual mechanism does not originate 
on the venous side. Since the central venous pressure does not increase, the Bain- 
bridge reflex can be eliminated as a factor in the compensatory changes. These are 
produced by increased sympathetic tonus and decreased vagal tonus, probably carotid 
sinus and cardio-aortic in origin. Once these factors are initiated, the increased 
cardiac output is maintained by the increased flow in the inferior vena cava and the 
resultant improved filling of the heart. The increased returning flow also contributes 
to a large stroke volume. 


SUMMARY 

Acute circulatory changes were studied in 20 dogs after the introduction of 
an arteriovenous fistula between the right femoral artery and vein. Different 
anesthetic agents were used and their importance discussed. Studies of the dy- 
namics of circulation indicate that the following changes occur when the fistula is 
open: c) there is a reduction of the systolic, diastolic and mean arterial pressure: 
b) the heart rate is faster; c) there is a vasoconstriction in the peripher)'- outside of 
the fistula circuit and the returning venous flow from these areas is decreased; d) the 
central venous pressure remains unchanged; and e) cardiac output and stroke volume 
increase. 

Compensation for the increased flow of blood through the fistula takes place 
by the increased cardiac output and the decreased flow of blood from areas outside 
the fistula circuit. 

We are indebted to Dr. L. N. Katz for his guidance and constructive criticisms during the 
course of this study. 
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EFFECTS OF GRADED PRESSURES ON THE TAIL 

OF THE MOUSE! 

ARNOLD L. LEHMANN and ROGER M. REINECKE 
From the Department of Physiology, University of Minnesota 

JUNNEAPOtlS, MINNESOTA 

R eview of the literature reveals that few studies have been made of the 
effects of kno\ra pressures applied to limited areas of the body’s surface. 
That these effects are important, however, is shown not only by the a priori 
recognition that they may give added insight into the mechanisms which transport 
substances to and from the immediate vicinity of the cells but also by the wide use 
of therapeutic pressure dressings. Brooks and Duncan have devised a method for 
applying pressure uniformly to the tail of the rat by a pneumatic sheath (i). They, 
however, made only limited studies of the lower range of pressures. Their method, 
moreover, involves tlie close confinement of the animal, which would prevent it from 
feeding and exercising and thus limit the time during which pressure could be applied 
continuously. 

The present study was devoted chiefly to the effects of the infrasystolic range of 
pressures. The necessity for the close confinement of the animal was avoided by 
developing a pneumatic sheath so light and compact that it could be applied to 
the tail of a mouse without interfering seriously with its ability to feed and exercise. 

GENERAL PROCEDURE 

■ The apparatus is shown and explained in figure i. Adult, inbred mice (strain Strong A) of 
both sexes were used. They were kept in cages with a litter of shavings and given Purina Fox Chow 
and tapwater ai libitum. The laboratory temperature varied somewhat, but this did not seem to 
affect the result, for the variation in experiments run in parallel was as great as in experiments run 
serially. It was necessary to remove the points of the lower incisors to prevent the animals from 
gnawing the equipment, and in the longer experiments this may have interfered with nutrition. A 
tatoo mark was placed on the dorsum of each animal’s tail near the base to serve as a reference point 
for measuring. 

EXPERIMENTS 

In the first group of experiments, a study was made of the length of necrosis present a 
week after known pressures had been applied to the tail for known intervals by means 
of the pneumatic sheath. The results are shown in table i. A pressure of 30 mm. 
Hg applied for as long as a week did not cause obvious inflammation or necrosis. 
A pressure of 40 mm. Hg for 4 days or longer resulted in some inflammation and a 
little necrosis at the tip. Higher pressures caused the necrosis to extend farther 
proximally. Between 70 and 80 mm. Hg pressure there was marked increase in the 
length of necrosis. At 100 mm., only a short length of the tail within the sheath 

Received for publication March 9, 1949. 

* This work was supported by a grant from the Life Insurance Medical Research Fund made 
to Professor M. B. Visscher. 
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to the inlet tube to check the pressure. The shcatli is tested for leaks by damping the inlet tube. 
If it docs not relax its grip on the fail within a few minutes, it may be considered airtight. 

The pressure cuff is made of a piece of brass tubing S nim. long with a 5,2 mm. inside diameter. 
The thin rubber liner is made from natural latex by dipping a suitable mold. It is fastened in 
place by thread and flexible collodion. 




an inflammatory response wlicn applied 6 liours, some necrosis of tlic tip when applied 
12 hours, and necrosis of all the tail subjected to pressure when applied 18 hours. 

In the second group, a study was made of the transport of fluorescein into and out of 
the tail during the application of pressure (see table 2). Pressure was applied as 
before. After 10 minutes, 0.2 cc. of 2 per cent sodium fluorescein was given intra- 



Table i. Necrosis of bistal end of tail folloiving graded pressures 


yjtES- 

SUXE 

DUXATION 

OT 

rXESSUXE 

LENGTH OF DISTAL END HEOtOTIC AFTES A WEEK 

AVEXAGE 

NECROSIS, 

for 4 B sour 

CROUP 

REMARKS 

mm. E[ 

hrs. 

em. 

cm. 


30 

48 

0 . 0 , 0 . 0 , 0.0, 0.0 

0.0 


3 ° 

72 

0.0 



30 

96 

0.0, 0.0 


Tissues in good condi- 

3 ° 

120 

0 . 0 , 0.0 


, tion, some traumatic 

3 ° 

144 

0,0, 0.0 


ulcers at margin of 

30 

168 

0.0 


sheath 

40 

48 

0.0, 0.0, 0.0, 0.0 

0.0 


40 

72 

0.0 



40 

96 

0.0, 0.0s 



40 

ISO 

O.OI 


'Some inflammation 

40 

132 

0.25 



40 

168 

0 , 0 , O.OI 



50 

48 

O.I, O.I, O.I, O.I, 0.25, 0.25 

o.is 


60 

48 

0 - 25 , 0.7s, 0.7s, I.O, I.2S, I.S, I.s 

I.O 

Surviving tissues in good 

70 

48 

0.3, 0.5, 0.5, 0.5, 1.5, 1.5, I.s 

0.9 

1 condition 

80 

48 

I- 7 S, 2.0, 5.0, 6.0, 6.25, 7,0, 8.5 

5-2 

1 

90 

48 

4.0, 6.0, 6.5, 7,0, 7.0, 8.5 

6-5 

1 Surviving tissue chiefly 

100 

48 

7 - 0 , 7.5, 7 - 7 S, 8.0, 8.25, 8.5 

7-85 

? ventral and in poor 





1 condition 

140 

6 

0.0, 0.0, 0.0, 0,0, 0,0, O.OI 


[Temporary inflamma- 





> tion, fading within 7 





] days 

140 

12 

0,2, 0.6 


Tail red, shiny, and con- 





1 tracted after 7 days 

140 

18 

00 

00 




Tails "were inserted into sheatlis 8.5 cm. 


Table 2. Transport of fluorescein during the application of pressure 


PRESSURE 



1 LENGTH OF DISTAL END 
NECEOTIC AETEK A WK. 

mm. Eg 

cm. 

cm. 

cm. 

40 


0.0 

0.0 

40 


0.0 

0.0 

SO 


.2 

•3 

SO 


.2 

.2 

70 

I-7S 

I.O 

I-S 

70 

o.S 

1-S 

I. 2 S 

80 

2.0 

S-o 

s-o 

80 

0.5 

• S 

I.O 

80 

i-S 

S-S 

6.0 

80 

3-0 

4-5 

5-0 

90 

3-0 

8.0 

7-7 

90 

0.75 

4.0 

4-25 

90 

0.0 

8.0 1 

8.0 

90 j 

0 . 7 s 

7.0 j 

6.0 

100 

0,0 

7.0 

7.0 

100 

3-0 

4.S 

6-S 


Tails were inserted into sheaths 8 cm. Pressure was applied for 24 hours. 
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jHjritoncally (c). After 15 minute? more, the ctrcuhtion tiirou^tis Use Liil vais com- 
pletely stopped hy inllatloft tlse presssure cuff vdiich ha<l Hcet^ placed proximally to 
(he shc.'ith. 'Fhe slicath was then removefi, and the distance* ?ft wide}? the nuoresecjn 
had penetrated was rt‘veaU'<l l)y illuminaf intt the tail v,!tls Wooci:/ Lipjd. Jt wac 
found in Rune instances that the l^uorc^^ein wa? present, ;>,t least in the vicinity of tlic 
larger vessels, well within the region that later hecarne iu-crotic after the Iasi had 
been subjected to the s;tme pressure for 24 hours. Next the < titT was rctnoved, and 
the circulation left unimpeded for 15 mitmtes, duri'.iy which the entire tail became 
brightly tluorcscent. The sheath was then reajijilied for 74 liours. At tine end of 
this jteriod the tluorescein had ht-cr. rinnovcd from the shirs to roughly the same 
distance that the tail remained (sors-ncerntic throughout the suhseriuent week. 

Ill (he third firoup, a study tfujr nuide of the tfUKt-ttirM! of tUiarefcein into nrid out of 
the tail after a period of pressure. Pressure was appHcd for hours, arul iluorcscesn 
was given 10 minutes before it was rlisct.nuiniicd. 'fhe tails k.ad become diffusely 
nuorcsccnl 2 hours after the release of pressure somewhat <itsta! to the point to vdiich 


Taiu.!: 

3. Rkmoval or n.voRr.'^cMN 

,\mr. Tjff. 

or riir.s'vrp-r. 


' e'tvr ' 


r*rs»i’*r 


rivc>trj\tir< N'ttr 

r; t- 

;■ (k ■Kttti 



rw . 

; <■<«. 

70 

7'35 

I - o 

1-5 

70 

^H.75 

i - 5 

1*5 

So 

7*75 

5S 

3*5 

So 

S.co 

3 » 5 

! 3*5 


Prcisurc was app!ic<i 48 Iioiins. 


fluorcsceiit liad disairpcarcd 4 hours later. Tire iiuctwcning segment of skin remained 
lluoresccnt for over 24 hours. Its pro.ximal margin marketl the border of necrosis 
apparent a week later (sec fable 3). 

In the. fourth group, an approximate, systolic press are 'ivas eslinuiled. The pressure 
cuff was applied to the base of the tail and inflated to a suprasystolic level. The 
mouse was then given iluorcsccin and illuminated with Woods’ Light. .After 10 to 
IS minutes the pressure in the cuff was reduced 5 mm. at s-minute intervals. The 
pressure tU wliich the first trace of fluorescence was detected beyond the cuff was 
taken as the systolic pressure. The value observTcl varied with the width of cuff 
used, being greater for the narrower cuff. It also averaged higher than the value 
obtained by a plethysmograpliic method in which the same width of cuff was used (3). 


DISCUSSION’ 

The finding that a pressure of 30 mm. Hg did not cause any apparent damage 
even if applied for a week probably means that vasodilatation can adequatch’ com- 
pensate for the reduction in effective arterial pressure due to sheath pressures of that 
magnitude or less. The damaging effect of 40 mm. of pressure indicates that it 
would probably be futile to expect therapeutic benefit from pressures much above 
30 mm. on the recovery of the mouse’s tail from any type of insult. 
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The increase in necrosis found for the higher pressures seems to be a rough 
measure of the decrease in blood flow (ischemia) due to the inability of vasodilatation 
to compensate for the consequently greater reductions in effective arterial pressure. 
The sharp increase in necrosis obsen^ed between the 70 and 80 mm. pressures probably 
marks the reduction in average flow due to the onset of intermittent flow as the sheath 
pressure exceeded the diastolic pressure. 

The average length of tail surviving 100 mm. of pressure (6.5 mm.) approxi- 
mated a width of cuff (8 mm.) used in estimating the systolic pressure, which for 
other groups of mice was found to be about 120 to 130 mm. Hg. If, as seems reason- 


Table 4. Systolic blood pressure 



ANIMAL 

AV. 

r 

2 

3 

4 

5 

6 

7 


0 

1 

1 




Systolic Hood pressure in turn. Hg 



i6-mm. cuff 











ist daj' i 

95 

100 

90 

88 

95 

go 

105 

95 

95 

95 

4th day 

95 

95 

95 

104 

92 

i 

90 

95 

95 

90 

9 S 

S-mm. cuff 











gth day 

120 

120 

120 j 

I 2 S 

120 

120 

115 

IIS 

120 

1 19 

12 th day 

* IIS 1 

135 i 

125 j 

120 

118 

120 

135 

IIS 

120 

123 






ANIUAL 















’ AV. 



10 

It 

1 

IS 

14 

15 

16 

mm 






Systolic blood pressure in mm. II g 



S-mm. cuff 


132 1 

129 1 

127 

132 1 

125 1 

120 j 

I 2 S 1 

132 1 

128 



1 

! 


Mean blood pressure in mm. II g 



Plen thysmographic 




I 







method (3)* 


1 99 

1 

130 

102 

116 

103 

119 

102 

117 

III 


1 The authors wish to thank Dr. John R. McQuillan for measuring these pressures. 


able, it is assumed that the systolic pressure averaged the same for this group and 
that the arterial pressure gradient within the cuff approximated that within an equal 
length of sheath, it follows that the systolic pressure in the arteries at the distal 
margin of the viable tissue must have exceeded the sheath pressure by about 20 to 30 
mm. Hg. Since the tissue pressure must have closely approximated the sheath 
pressure, this probably is a rough measure of the amount by which the systolic 
pressure must exceed the tissue pressure in order to insure a blood flow adequate to 
prevent necrosis. 

The removal of fluorescein both during and after the application of pressure 
corresponded with the viability of the tail better than did its penetration. In 
general it penetrated for variable distances beyond the proximal margin of the necrosis 
that later became evident. 

The use of fluorescein to demonstrate blood flow in the cuff method for measuring 
blood pressure has the virtue of convenience. The method gives comparative rather 
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than absolute values, 'rhesc arc higlier tlu'ui those; observed when a jslethysmogfspli 
is used to detect blood flow beyond a cufi of the same widiij. 'i'tus h probably basetj 
on the difliculty involved in beeping an unanesthciixed mouse quiet for long enough 
to detect the slower vohmic changc.s cxiHrctcd as the cufT pressure approaches the 
true systolic jjrcssurc. ^Movement by the mouse doe.s not interfere wisen tiuorescein 
is used. The cuff i)rcssurc, therefore, ran he maint.aifK-d at a given level for .as long 
as is necessary’ to delect the minimum flows ex{K:cicd as it approacises Use true 
systolic level. It is likely that the method rnny detect the highest f«aks of pressure 
within an interval if tlie .sy.stolic pre.ssurc is varying ai>pred.abiy. 


SUilMAKY 

Unifonn jrressure was ajrplied over the lengt.h of the tail of the mouse by a 
pneumatic sheath. Tliirty mm. I Ig pressure was well lolcralcd for as long as a week. 
Higher pressures within the infrasystolic range caused progressively more necrosis of 
the distal end. The subsequent survival of the tail corre$]>onded with the removal 
of fluorescein from the skin both during and after the application of pressure. Tire 
systolic pressure was cslini.atcd by a taibcufl method in which fluorescein was used 
to demonstrate blood flew past Uic cuff. 
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EFFECT OF CARBON DIOXIDE ON INTESTINAL MOTILITY 

DA\aD W. NORTHUP, J. CLIFFORD STICKNEY and 
EDWARD J. VAN LIERE 

Fr&m the Dcparlmenl of Physiology, School of Medicine, West Virginia Universily 

MORGANTO^W, ^\TEST VIRGINIA 

W HEN an animal is killed by a blow on the head and its abdomen opened 
immediately, the intestinal tract is frequently seen in a state of violent 
activity. This is presumably due to the acute asphy.Kia which develops 
upon sudden cessation of the circulation. It has been previously shown in mice 
(i) and in rats (2) that anoxic anoxia alone (i.e,, without accumulation of carbon 
dioxide, as in asphyxia) depresses the motility of the small intestine. The intestine 
of the dog is much more resistant, but is also depressed if the anoxia is potentiated 
with cocaine (3). The present study was undertaken to determine whether the 
accumulation of carbon dioxide alone can be responsible for increased activity of the 
intestine. 


METHODS 

Dogs and rats were used; the experiments were performed upon the animals in 
pairs: one e.xperimental and one control. Each pair was chosen so that they were of 
appro.ximately the same body weight. Essentially, the technique of Macht was 
used: the dogs were given 30 cc. of a mixture of 10 per cent charcoal in 10 per cent 
gum acacia solution by stomach tube, and 3 minutes later placed in a chamber 
through which was run, for the experimental animal a carbon dioxide-oxygen mix- 
ture, and for the control animal, pure o.xygen. The 3 minutes in normal air were 
allowed in order to give a chance for some material to enter the duodenum, since 
immediate exposure to carbon dioxide frequently paralyzed the stomach. 

The animals were removed from the chamber 30 minutes after the charcoal 
mixture was placed in the stomach and killed with ether, which stops intestinal 
peristalsis (4), The small intestine was removed m Mo, slit open, and the distance 
the charcoal mixture had traversed was measured. 

The same procedure was followed with the rats, with tlie following exceptions: 
2 cc. of charcoal was administered, the animals were not placed in the chamber until 
10 minutes after intubation, and they were killed after a total elapsed time of 40 
minutes. The extra time outside the chamber was found to be necessary to insure 
that the stomach u'ould discharge into the intestine in a reasonable proportion of the 
animals. 

Two samples of the gas mixture in the chamber were analyzed for carbon dioxide 
content in the Hempel burette during die experimental run, and an occasional sample 
during a control run. In no case did the concentration of carbon dioxide exceed 

Received for publication March 18, 1949. 
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B. w. xoimiur. j. c. sticknkv and i:. j, vak ltere vdumt fjc 

per cent dtirinf,' the control {>er}ods, Dtirinj; the cxjv^rimciital |K’riods the foilov/ing 
conccntnilions were nttemiHcth for dogs, one group 7,5 jjer rent curhon dtoxulc, a 
second group 15 per cent ; for nits, one group 10 pt-r cent, ;i seconil grouji 15 per rent 
and a third eo per cent. 'J’he average concentrations as shown by tbe determinations 
were close to the tigurcs indicated In* the flow meters. 'i"hc ranges of actual con- 
centrations for each group are shown in taldc r. Some nna!y^^^=; for oxygen concen- 
tration during both control and c.\jK!rlniental f>erjod.s were {ierfonned. Due to the 
fact that tlie air wa.s not comjdclely removed from the chamber, the .-mimals never 
breathed pure o.xygcn; its concentration ranger! up to about 75 {kt cent. 

There were 10 cxi>crimcnial animals in eacji groU{>, with 10 controls: for each, 
e,xccpt the group of dogs at 15 jxm cent carbon dioxide, which co.mjiriscd j s animrds 
in the experimental group and 15 controls. 

TanLU 1. Krrr.cr or CAnaon nioxmr, o.s uorjurv or ntr. r.yxia. :?.‘7K5 TI.st 

”T~ j ‘ ' ' ' 

co:,'!;. coi. ; n>.T*:.yvt.*r,r.n, i cu. rrAViiiir.o, ■ ron jc^rr, , ; x-crVAt C'JV'X or 

Avr«.»cr., VJ I cosTiot. | rxiTHu.-NTAr. at. , ’ ■ oj-,. iakcj , Vr 

Dof.i 


7 i ; j "7 St4 Oj j .OJJ i 6.0- S.7 

IS ! iSi 90 ' > <.oci j:.9-j7.6 



10 1 7S 7 : S ; >.;o ; 7.4-11.5 

IS I 74 ' 57 ' 17 i .oiS 1 .?. 6 - 17, 7 

~o 5o ‘ 57 i ' <.coi ‘ :S.S-;3..} 

^ _ 1 : __ ! 

I .According to Fisher. 


iiVSVl TS 

Tlic results are summarized in tabic i. There was a reduction in motility of the 
small intestine of dogs at a carbon dio.xide concentration of 7.5 ]X!r cent significant 
at about the i per cent level (Fisher’s / lest), and a more marked reduction at a con- 
centration of 15 per cent, significant at the 0.1 per cent level. Tiic rats showed no 
change at 10 per cent COj, while there was reduced motility at 15 and 20 per cent 
CO;, the latter highly significant. 


DISCUSSION* 

These findings are consistent with the well-known fact that a shift of the liydro- 
gen ion concentration of the body tissues toward greater acidity has in general a 
depressing effect. But the aforementioned stimulation of intestinal activity 
rapidly developing asphy.xia is not c.vplaincd. Perhaps the speed witli which the 
condition develops, or the simultaneous presence of acute and severe anoxia in 
asphyxia, or botli, produces the different result. However, Bisgard and Johnson 
(S) noted inliibition of tlie intestine of dogs following the inhalation of pure carbon 
dioxide, which certainly produces a condition somcwliat resembling asplB'xia. Tliis 
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procedure is rather drastic. Schnohr (6) has also reported a cessation of motor 
activity of the intestine following increased CO2 concentration in the rabbit. His 
observation %as made through a cellophane window in the abdominal wall. 

The finding that tlie small intestine of the rat is more resistant to high enneen- 
trations of carbon dio.vide tlian that of the dog was ratlier unexpected, inasmuch as 
it has been previously shown that anoxia has a much more pronounced effect on in- 
testinal motility of rats and mice than that of the dog (i, 2). 

SUMMARY 

Dogs and rats were exposed to increased carbon dioxide concentrations ranging 
from 7.5 to 20 per cent, and intestinal motility determined by measuring the length 
of intestine traversed bj' a charcoal-acacia mixture during a given tune. Motility 
was depressed in the dog by a concentration of 7.5 per cent or more, and in the rat by 
a concentration of 15 per cent or more. 
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STIMULATING EFFECT OF SUGAE, FAT, AND C^IEAT 
MEALS ON DUODENAL SECRF.TION IN THE DOG 

D. WJCKKNS'rAFF, M. I. GKOSS.\fAN' akd A. C. I\T 
Proiu the Dc(inrlmtn! of Cluik^l Sdrtm, XJfiivtrsiiy of IlUnoU Cdk^c cj Medtdttt 


ancAoo, luj-vois 

^ - i - A HE humoral control of the Fccrctor>' activity of Brunner*s glands was 
I 'first demonstrated by Florey and Harding (i). Using animals vith tx- 
■' JL’ irinsically dcncrx'atcd, transplanted jiouches of the upper duodenum, they 
noted an increase in the volume of secretion following the ingestion of a mixed meal. 
This finding was confirmed !>y Sonncnschcin, Grossman and I\y h) who also made 
prcliminaiy' investigations with '{lurc’ foodstuffs to determine which ingredients 
of the mixed meal were the effective sccrctngogues. These workers considered 
tlieir evidence insufficient to draw any conclusions, and therefore the purpose of 
this invasligation was to elucidate tlic question of secrclagogucs. 

Secretagogues may act cither by being absorbed and carried by the blood to 
the responsive cells, or by causing the release of a hormone which stimulates the 
glands. In support of the hormonal mechanism, botli Florey and Harding, and 
Sonnensdiein and coworicers showed that extracts of intestinal mucosa stimulated 
Bnmner gland secretion. The former group believed that secretin was the effective 
agent in these c.xtracts, whereas the Latter group concluded that some constituent 
other Uian secretin was responsible. 


atCTHODS 

In this investigation two types of preparations were used on 6 mongrel dogs: 
in the pouch type, dogs /I, B and C, the supra-papillan' i>ortion of the duodenum 
was brought through an abdominal stab wound as a pouch and sutured to the ab- 
dominal wall with tlic open end of the pouch c.xposcd; in the flap type, dags D, E 
and F, the tube of duodenum, instead of being fashioned into a pouch, was brought 
through a stab wound, cut lengthwise .along the antiracsenteric edge, and sutured 
to the abdominal wall in tlic form of a rectangular flap. In both types the \Tiscular 
pedicle was kept intact, and the continuitj- of the gastrointestinal tract w'as restored 
b}’’ end to side gastro-duodenostomy. 

The secretion was collected by means of a funnel wliich led to a graduated 
centrifuge tube, from which the volume was read directly. Tlic funnel surrounded 
but did not touch the e.\posed duodenal mucosa. The dogs were fasted for at 
least 1$ hours before each experiment, and basal secretion was collected for i hour 
preceding the administration of xoirious stimulants. The lest meals were as follows: 
50 gm. of dextrose in 100 cc. of water, 50 cc. of cottonseed oil, and 50 gm. of lean 
beef; 50 to 100 cc. of saline was used as a control. Except for a few instances all 
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test meals seemed to be enjoyed by the dogs, and in the exceptions the liquids were 
fed without difficulty by squirting small volumes directly into the back of the mouth 
with a syringe. 


RESULTS AND DISCUSSION 

The results of control tests in which the rate of spontaneous secretion was 
measured, are presented in table i, which was constructed according to the following 
method. The average values for the control hour and for each of the two following 
hours were calculated for the experiments on each dog; then, disregarding the number 
of tests on each dog, an unweighted average of these values was taken to determine 


Table i. Rate of spontaneous seceetioni 


DOG 

SEX 

TYPE OP 
PREPARATION 

' 

; NO. OF TESTS 

CONTROL HOUR 

60-MIN. COIiECTION PEEIODS 

ISt 

3 nd 



■■■ 


CC, 

■mg 

! cc. 

A 

F 


4 

5 - 8 o 


4-54 

B 

M 


3 

3-17 


2.32 

C 

F 


I 

.65 

■■ 

•30 

Mean 

3-21 

3 -i 6 

2.39 

Per cent control level 

100 

98 

74 

D 

F 

Flap 

2 

6.78 

5.95 

S-8o 

E 

F 

Flap 

3 

1.08 

1.67 

1.90 

F 

M 

Flap 

3 

3-65 

2.68 

3-75 

Mean 

3-84 

3-43 

3-82 

Per cent control level 

100 

89 

100 


1 The derivation of the figures and construction of the table are explained in the text! 


the mean, which in turn was transformed so as to be expressed as percentage of 
the control level. 

In figure i are expressed graphically the results of 22 tests in which the response 
of duodenal pouches to sugar, fat and meat was measmred. Tlie percentage values 
in this and subsequent graphs were derived in a manner similar to that described 
in table i. These values represent the percentage of the control level for the two 
hours following the ingestion of the test meals. The maximal responses were 159 
per cent to sugar, 170 per cent to fat and 136 per cent to meat. It is dear that all 
test meals stimulate the glands in this type of preparation to increase their secretion. 
Both concentrated glucose and fat are depressants of gastric acid secretion, so it is 
unlikely that the stimulatory action of these foods is secondary to stimulation of 
acid secretion by the stomach. 

It was found that the flap preparation did not respond in a similar manner, as 
shown in figure 2. For duodenal flaps, the maximal responses were 114 per cent of 
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Fip. r. Rf:sffiss!: or i-otrai Tvrr. prrparatidn to various pure fo->Js!ufrs. 



HOURS 

Fig. 2. Response or ri.Ai' type preparation to various pure foodstuffs. 

the control level to sugar, 78 per cent to fat, and loS per cent to meat (50-100 gm.) 
These results indicate that the flap preparation is not significant!)’ stimulated by 
sugar or meat, and may be inhibited by fat. 

^^^len a comparison is made of the sccrctor)’ responses of pouclies and flaps 
to a mixed meal (commercial dog food, Pard) the difltercnce is clear (fig, 3). The 
volume of secretion from the pouch type increased to 182 per cent of the control 
lewl, while that from the flap t)’pe increased to only 120 per cent. 
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The difference in response to these two types of preparation might be attributed 
to the fact that mechanical stimulation due to rubbing together of the mucosal folds 
is eliminated in the flap type. That the flap type does have a secretory response is 
showm by the results of 6 tests in winch 20 mg. of ST was administered intravenously 
(fig* 4)* SI is an intestinal extract containing secretin, cholecystokinin, pancreozy- 
min and other umdentified substances. The injection of SI increased the rate of 
secretion from the flap to 182 per cent of the control level. Comparing thk response 
with that of pouches to SI, where the rate of secretion increased to 165 per cent of 




Fig. 3 {left). Showing the diffeiience between the flap and pouch type preparation in their re- 
sponses to a mixed meal. 

Fig. 4 {right). Effect of si (intestinal extract) given intravenously in 20 mg. doses in the flap 

and pouch types of preparation. 

the control level, we are led to conclude that the difference in response to a mixed 
meal is not due to a difference in responsiveness to this humoral agent. 

Motility of the duodenum in anesthetized rabbits was also studied, using a 
balloon inserted into a lo-cm. length of isolated duodenum, and attached to a water 
manometer, which recorded contractions on a kymograph drum. The results of 5 
experiments are shown in table 2. The number of contractions is seen to increase, 
on the average, from 6.2 to 9.6 per 5-minute period follo^ving the intravenous in- 
jection of 20 mg. of SI. 


^ The SI was kindly supplied by Dr. Leon Gershbein, University of Illinois. 
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I’hc question arose concerning the degree to v/hich motility can be held re- 
sponsible lor the differences observed belivcen the responses of the pouch and flap. 




Important tndcncc on this question v.?.s 
gained when urcchohne (e mg. injected sub- 
cutancou.sly) was used as a stimulant for mo- 
tility, and the pouch was found to respond 
markedly, 357 per cent of the control level, 
while the flap showed no response {fig. 5). 
Table 3 show.s the ‘t’ a-alues for these and pre- 
ceding test.s. 

Since the difference, then, in the majdma! 
rcs|>on.sc.s to SI is not great, and tlicre is no 
large difference, therefore, in sensitinly, the 
difference in response to ‘pure’ and mixed meals 
may be ascribed to motility, causing rubbing 
togetlier of the mucosal folds, and incidental 
mcdianical stimulation in tlie poucli, which 
effect is largely absent in the flap t3'pc. Tlus 
interpretation is supported by the results of 
a study by J. S. I\y on the effect of pilocarpine 
on mucus secretion by tlic p^doric mucosa (3). 
He used animals witli everted pyloric pouches, 
which prevented rubbing together of the 
mucosal folds, and found that in these pilo- 


MINUTES carpinc did not stimulate the secretion of 

Fig. 5 . EFFEcrr of URECirouNE on the mucus, 
secretion of Brunner’s gland juice t’ 1 j-ni. j.t,.,*- 

in dogs with flap and pouch tj^cs Fogelson and Bachrach (4) showed that 

of preparation. the secrctorj' response of the duodenum to SI 

is accompanied] by increased motility. These 
findings, aloiig with our study concerning Sl-induced motility in the rabbit, and 
urecholine-induced motility in the dog, suggest the possibility tliat there maj' be 2 
humoral factors: one stimulating secretion directl}’' and tlic otlier stimulating mo- 
tility wliich results in a secretory response secondar}'' to mechanical stimulation. 


secretion of Brunner’s gland juice 
in dogs with flap and pouch tj-pcs 
of preparation. 
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If such a humoral stimulant for motility should he established by subsequent 
investigation, it would represent a difference between the first portion of the duo- 
denum and the remamder of the small intestine, because careful studies of trans- 


Table 3, Statisxicai. analysis or the means of the total number of tests on each stimulant^ 


SmOTLATING 

AGEKT 

POUCH 

FLAP 

No. of 
Tests 

Control 

1st Hour 

and Hour 

No. of 
Tests 

Control 

1st Hour 

and Hour 



cc. 

cc. 

cc. 

'■1 

cc. 

cc. 

cc\ ' 

Sugar 

8 

3.88 

6.13 

S-6s 


2.94 

3-43 

2.41 




t = 3 - 7 ** 

t = 4.1** 

1 

■ 


t = I.O 

t = I.O • 

Fat 

9 

3.18 

5-23 

6.16 

S 

3-46 

2.57 

2.82 




II 

t = 4 - 2 ** 


i 

t = 2.0 

t = 1.2 

Meat 

5 

2.93 

HflH 

3 -iS 

B 

2.92 

^B 

2.26 




B 39 I 

t = 0.6 

B 


m 

t= 1.5 

Mixed meal 

6 

1.92 

i 3-62 

4.03 

8 

2.79 

1 3-31 

2.81 


1 


t = 4.0** 

t = 8.4** 



t = 1.2 

t = 0.07 



Control 

30 tnin. 

1 60 min. 


Control 

30 min. 

60 min. 

SI 

S 

' I. II 

1.76 

0.50 

6 

1.44 

2.62 

2.23 


1 


t = s-o** 

t s= 2.9* 



t = 4 - 1 ** 

t = 2.7* 

Urecholine 


i 

2.30 

8.2s 

! 

3 -IS 

6 

0.69 

0.71 

0.66 



1 

t = 4 - 5 ** 

t = 0.8 



t = O.OI 

t = 0.01 


^ The values were calculated for the differences between the control hour and each of the 
2 following hours. One asterisk indicates that the value is significant at the 5% level, 2 asterisks, 
significant at the 1% level and no asterisk, that the probability is greater than 5%. 


Table 4. Summary of the effects of various stimulants on the two types of preparation 



RESPONSE 

SnUULATING AGENT 




Pouch 

Flap 

Sugar 

++ + 

0 

Fat 

+ + + 

0 

Meat 


0 

Mixed meal 

+-b + 


SI 

■b+ 

-b-b-b 

Urecholine 

+++ 

0 


-b = 20% increase over control level. -b-b = 20% to 50% increase over control level 
+-b-b = over 50% increase over control level. 

J Not statistically significant. 


planted loops of small intestine have failed to reveal a humoral stimulant for motility 
in response to feeding (5). 

The effects of the ‘pure’ foodstuffs used in this study must be determined in 
denervated pouch preparations before conclusions can be drawn concerning the 
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possllj!(! role of nervous nieeltanlsms. Previous .‘Uidies had of rourse fst.'ifjHsiied 
file cKiK-Icnf e of a Iniinoni! nierlintiism in ihe rase of a mixed meal. 

.sujrhtARv A.vii cosa.vBUiS 

'Fable 4 presents a summary of results v.ith various .‘.iimulafin^ agents. Sta- 
tislical an.aly.sis of the clifTercnccs in secre(or)- r.iics between the control fjotir and 
each of the 2 following hours, shows tlirit nil of the respomes of the jyiueh are sig- 
nificant with the c.xceplion of the response to meat, .'uid tlmt llie only signifKant 
rcspoiLse of tlie flap is that to SI (table 3). 

It is therefore concluded that there is no single, sjjccihc sccrct-ngogue controlling 
Brunner’s glands, and that the lunnoral agent may li:ti.'e 2 factors; one stimulating 
secretion clircclly, and the other .<tirnulating motility. 

JtlcrKHPXCf^s; 

1. Fi.oern’, II. W. ,AS*i) n. K. IlAvaisr.. }W<. Jhy.Si'f.S'ri'i P‘ £17, CS, 

2. SON'Kr.KscinaK, K. It., M. I. ('.tavsitAN- A::t/ .A. Ivv. Aiii. Mt.L Sf.-.id. Pn' i?.'., iqi~. 

3. Ivv, J. S. Gaslrof>;lero!of,y;: i:.',, 

4. Focr.r^ON', S. J. an'i> W. II. ItACdKACa. At-:. J. Plr/iiA, r.’S; 321, 1430. 

5. Ivv, A. C. Ghv'Jular PhyxiAory Th^r.'.iy, A^k. Mt.i. (.'h’c.'Sf;.,'', 3'ii:. 



SECRETION OF INTESTINAL JUICE DURING 
HYPERCALCEMIA' 


HAROLD R. MURDOCK, Jr.= and E. S. NASSET 

From ike Dcparhncuf of Physiology and Vital Economics, University of Rochester School of 

Medicine and Dentistry 

ROaiESTER, NEW YORK 

T he jiterature contains man}'- conflicting reports on the influence of blood 
calcium concentration on the gastrointestinal tract. Hemorrhage, ulcers 
of the pyloric and duodenal mucosa, anore.Yia, diarrhea, vomiting and 
changes in the secretions of the stomach, as well as marked chajiges in the excitability of 
tlie ner\’ous system, have been attributed to deviations from normal of the blood 
calcium. The earlier literature has been reviewed by Babkin, Komarov and Kom- 
arov (i)., Schiffrin (2) reported that administration of parathyroid hormone to 
dogs with either a Pavlov pouch or a gastric fistula resulted in a diminished volume 
of gastric juice, and an increased concentration of pepsin but a decreased total out- 
put of enzyme. In the Heidenhain-pouch tlie volume of gastric juice was increased 
without affecting the concentration of pepsin, resulting in a greater total output 
of enzyme. 

The investigation described below was undertaken in the hope of adding some 
information regarding the influence of hypercalcemia on the secretion of intestinal 
juice. 


JIETHODS 

The cxpcrimcnUil animals were two female dogs, maintained at constant weight (19 kg. each) 
on dog biscuits.* Except for a short period subsequent to the massive dosages of vitamin D, the 
animals were in excellent health. Loops of the jejunum were prepared and the intestinal juice 
collected as described by Nasset, Pierce and Murlin (3). Fasting e.xpcrimcnts were begun 16 hours 
after the last meal; feeding c.xperimcnls were begun 30 minutes after the ingestion of one-half the 
daih’ ration of dog biscuit. 

Invertasc was determined bj’ incub.ating one ml. of the homogenized intestinal juice with 24 ml. 
of 12 per cent sucrose for 16 hours at 38‘’C. An aliquot was deproteinizcd with zinc sulfate and 
sodium hydro.xidc, the amount of reducing sugar present in the filtrate determined by the method of 
Somogj'i (4), and the concentration of enz3*mc c.xprcsscd as milligrams of reducing sugar produced. 
Peptidase was determined b\' incubating one ml. of homogenized intestinal juice with 24 ml. of 5 per 
cent peptones at pn 7.8, for 16 hours at 38'’C. An aliquot was taken, and the amino nitrogen de- 
termined by the Sorensen formol titration as described by Dunn and Loshakoff (5). The concen- 
tration of peptidase was expressed as milligrams of amino nitrogen released. Total production of cither 


Received for publication Mardi 11, 1949- 

* This work was supported in part by a grant from the Department of the Navj', Office of Naval 
Research. 

® The data in this paper arc taken from a thesis submitted by Harold R. Murdock, Jr. to the 
Graduate School of the University of Rochester in partial fulfillment of the requirements for the 
, degree Master of Science, 1948. 

* Purina Laborator3' Chow. 

* Difeo-Bacto. 
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cnrymc vva^i expressed ns the prwiuct of totnl vyltime of juke nnd nctivity per yni'l volume. Toluene 
errvcti as the preservative during the ineiilotion of the enKyrnr,. All pin’*, .'.arc ti>«! in the colIcctJan 
of the juice and rrirymc inaihation was Imlled in strorsf; eo.ij) rolutlon and rinsed tvjth ijLit? dijtil'cd 
water. Control tests of {wth enayntex svere nuide mint; Ndifd intestinal juice, 

IHooii calcium ilctermin-ations were made aeeordint' to the Tl'dall rntthwl as motline-l hy Chrk 
and Collip (6). The intestinal juice wa's annlyxed for raleium (7) and rhlnridc (B). Carl«n di- 
oxide. capacity was Jctcrmincii after equililiration of the r ample with a mixture of 3 per err.*, carlxm 
dio-xidc and 93 per cent oxvftcn at ^S'C, (9), nie pit v.a*. nica»urf*i with a yXi^A ekctnxle. 

It was desired to rairc the hltwl calcium frtncrnfr.ation hy •cvera! different metfryf? sr.d for 
thk pur|>oee parathyroid extract, vitamin I), and catcium yluconale were ttsc*l. 

The {i.arathyroid extract^ wa'- yivm .suf-cutatieourfy on Sunday evening and in order to coincide 
with the maximal elTect on hltwl calcium, which oemre in ti to tS i:ourv (10I, the f.nt cedircston of 
juice was begun Mond.ay muniing, tx hours after injection of theeitt.ict. Sul-eeopirrst C'.di«:tm.s 
were m.ade on Wednesd-vy and I'riday of ll-.e f.ame weei; and another injection given the folio;’, lag 
Sunday. It was expected that this rcheme mieht reveal immesliatf as we!! as deliyed e.'Iect,*. of t);c 
parathyroid extract. Do,* i was given 5 injeetions ranging from 33 to «>o unit;, Dt a was 

given 5 injections, one of 95 unit.** and the other of units. 

Vitamin D;* was prejiared by di.ssolving enough vita.min in. feeame oil to truhe a fvlutbn that 
contained 1,000,000 U.S.I*. units/ml. />.»/ i ssas fed 930.000 units (30,000 unit.s/lg. Irxly stdght) 
daily witli its food. Dop ' was given the fame slaity <!<r;e, hut the rolution tv.vs plscoi in .x gcfxlin 
capsule which was given orally. Dof. t rcceivctl 5 dirts of 950,000 unit*, each, /T'f r rorcivof 3 
doses of 950,000 and one of 330,000 units. 

Calrium gluconate wa.s obtained as a to per cent rolutio.n in to ml. atnjyjule.s. * Over a period 
of to minutes enough (15-14 ml,) of tfiis solution svas pvrn inir.avcno’j5ly to raise the hhy^l caiciun 
concentration tonpproxim.ate!y3.6omy/l. (t4.4 mg. Vrh Inordtrtom,aint.ain thishiehics'elof Mwl 
calcium, a dilute solution of calcium gluwn.ntc (6 gm. in J50 ml, of i'-otonic 5.al!nt) was givc.n slowly 
lu' intravenous drip for the first 6J hours of e.icli experiment. 

Controls, in which seo ml. of isotonic 5.a!!nc svere given intravenously, were compared with the 
calcium gluconate experiments. The p.nrathyroId extract injection and vitamin D experiments were 
compared with tiie normal by taking the average of the results ohlaincsi in control ptrio-ds before and 
after c.ich experimental pcriotl. 


RESULTS 

Thcc,xpcrimcntal rc-sulls arc .summarized in tables i and 7. 

Parathyroid Extract, Tlic liighest blood calcium conccnlraiion obtained with 
dog I after parathyroid extract injection was a.75 mM/'l. (ri.o mg. %) and with 
dog 2 3.25 mM/ 1 . (13.0 mg, %). The parathyroid extract brought about, in most 
cases, a decline in both total volume of inte.siinal juice and enzyme production in 
the feeding as well as the fasting experiments. Thi.s was especially pronounced 
with dog 2. The standard errors, however, arc so great that these changes cannot 
be considered statistically significant. In dog 2 there was a progressive decline 
in volume and enzyme production on succeeding days of the week after the para- 
thyroid extract was given. 

Vitamin D. The large doses of vitamin D brought about, in both dogs, a to.xic 
condition, which was first noticed on the day after the fifth dose was given. When- 
ever the animals tried to eat, the food was vomited immediately and they remained 
in a lethargic condition for several days. 


^ Eli Lilly .and Comp.any. 

‘ Crystalline Calciferol pronded by Winthrop Chemical Co. 
^ Bristol Laboratories Inc. 
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Table i. Effect of hypercalcemia on the secretion of intestinal juice 

Dog I 


1 

PEKXOD 

! 

KO. OP 
EX- 
PERS. 

VOLUHE 

INVEETASB 

(invert sugar) 

1 

PEPTIDASE 

(amino 

nitrogen) 

BLOOD CAtCrOM 

Aver- 

age 

Highest 

Fasted 



mL 

ng/r hr. 

mg/r hr. 

1 mit/l. 

Control i 

6 

13.7 dbl.l* 

4747 ±722 

226 ±27 

2.58 

2.60 

Parathyroid 

7 

II. 2 ±0.9 

3263 ±369 

220 ±20 

2.59 

2-75 

Control 2 

6 

13.7 ±I.S 

3747 ±581 

270 ±37 

2-55 

2.60 

Vitamin D 

8 

12.4 ±1.2 

2565 ±253 

191 ±19 

3-26 

3-72 

Control 3 


II. 5 ±2.1 

4853 ±826 

250 ±46 

2.60 

2.70 

Saline control 


27.0 ±4.S 

4308 ±346 

307 ±36 

2.50 

2.50 

Ca. gluconate 


16.8 dhr.9 

5400 ±512 

321 ±13 

3.56 

4.00 


Fed 


Control I 

B 

14.7 ±1.9 

4525 ±1098 

203 ±34 

2.45 

2.51 

Parathyroid 

■1 

15.3 ±1.7 

3206 ±230 

270 ±57 

2.58 

2.65 

Control 2 

B 

16.0 ±2.9 

2644 ±139 

223 ±58 

2.49 

2.49 

Saline control 

mm 

32.1 ±3.8 

3786 ±190 

302 ±39 

2.50 

2.50 

Ca. gluconate 

B 

14.8 ±2.7 

2689 ±383 

181 ±21 

1 

3 «SS 

3-75 


^ Standard deviation of the mean = 



2d^ 

N(N-i)' 


Table 2. Effect of hypercalcemia on the secretion of intestinal juice 


Dogs 


PERIOD 

i 

NO. OP 
EX- 
PEES. 

VOLUME 1 

INVERTASE 

(invert sugar) 

PEPTIDASE 

(auxno 

nitsooen) 

BLOOD CALaUM 

Aver- 

age 

Highest 

Fasted 



mU 

mg/7 hr. 

mg/7 hr. 

mll/l. 

Control I 

8 

25.7 ±2. I^ 

12650 ±1615 

433 ±41 

2.63 

2.70 

Parathyroid 

S 

21.7 ±2.0 

7469 ±1426 

321 ±51 

2.84 

2.95 

Control 2 

6 

19.3 ±1.8 

6874 ±718 

269 ±25 

2,60 

2.60 

Saline control 

5 

23.1 ±1.2 

4645 ±966 

223 ±25 

2-55 

2.55 

Ca. gluconate 

4 

18.4 ± 3-4 

7755 ±1018 

272 ±33 

3.50 

3-84 

Control 3 

8 

30.6 ±1.7 

14879 ±760 

568 ±20 

2.44 

2.45 

Vitamin D 


16.4 ±1.1 

8666 ±552 

394 ±16 

4.00 

4.72 

Control 4 


40.6 ±1.8 

18953 ±1970 

708 ±40 

2.58 j 

2.68 


Fed 


Control I 

B 

23.2 ±1.0 

8669 ±1405 

338 ±42 

2.65 

2.70 

Parathyrnirl , , 

H 

18.3 ±2.6 

3002 ±484 

228 ±15 

2.74 

3-25 

Cnutrnl o 

H 

28.0 ±2.1 

3108 ±288 

199 ±21 

2.60 

2.62 


H 

33.6 ±4.6 

4257 ±852 

261 ±47 

2.58 

2.58 

Ca. gluconate 

B 

33.2 ±3.7 

S4II ±1312 

286 ±42 

3-44 

3 - 8 o 


^ Standard deviation of the mean 


/ 2d" 

“ y N(N- 
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\'if,nniift I) in / indthX’d a slight mluclion in volume of irucstinii juice ns 
^s■e!! as 40 per cent and .'7 }>cr cent decreases in tola! invertase and peptidase out- 
put rcsjK'Ctivcly. "J'he values, hov'cver, are not significantly different from the 
controls. a showed a .significant diminution in both volume of intestinal juice 
and total enzyme output when the vtlamiu D was given, I'rom figure 5 it can he 
seen that the changes became pronounced on the fourth day after the first nose of 
vitamin J), coinciding prcci.scly with the peak conccnir.ation of hiofKl caldimi. The 
reduced secretion per.si.stcd for several day.s after withdrawal of vitamin D from 
the diet, hut the e.vpenments were discontinued because the dog conststersi'y re- 



lit;. 1. l>n:cT or vjtavu: D 
(olriffro!) fets'ing er. 

•tcrclk-n. r, caldfeml fed ss 
indiratH by the amw.'?; the tint s 
ik-sn y:r:r «j.?o,c<eoj,l'.S,P. oalts 
c.wh end the sixth e.'-.iss. 

TJjc brc.ik in ll:c errynw and v?!* 
ume ba.w fine fncjtrate^ 2 recover}* 
j>ttf<xS of : t <!.x}-s. Inv-c.-tarc {rr.i;. 
redudn^ sugar Xc«r) h jr/Ji* 
cated by height of clear bar; pep- 
tidase (tr.g. amino N X c.cr} h in- 
dicated by hatched bar. 


fused food. As soon as the dog regained its appetite and strength, control experi- 
ments were resumed and, as seen in figure i, the blood calcium concentration, vol- 
ume of intestinal juice, and enzyme output relumed to normal. 

The of the intestinal juice of (fog 2 during the vitamin D period ranged from 
7,90 to 8.44. The /)ir during tiic control period ranged from 7.S2 to S.4S. The 
chloride and carbon dio.xidc capacity were 146 mJr/1, and 17.1 niif/l. rcspccfivcly 
during the vitamin D period and 145 mst/l. and 17.5 mxr/l. respectively during 
the control periods; 

Calcxwn Glucoualc. 'J'hc calcium gluconate caused a significant diminution 
in the volume of intestinal juice during tlie fasting experiments of both dogs and 
the feeding experiments only with dog j. The total invertase and peptidase out- 
put was increased in all instances except the feeding e.xperiments with dog i, but 
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THE MEDULLARY ORIOLN OF RESPIRATORY PERIODICITY 

IN THE DOG^ 

HEBBEL E. HOFF and C. G. BRECKENRIDGE 
. From ilic Dcpartm-cnl of Physiology, Baylor University College of Medicine 

HOUSTON, TEXAS 

T he currently dominant view of the nature of respiratory periodicity en- 
visages the interplaj’’ of two factors (1-3). The first is presumed to be a basic 
inspiratory tetanus without periodicity representing the unmodified, in- 
herent activity of the medullary inspiratory center. It is then postulated that periodic 
inhibition of this discharge b}’’ impulses of extramedullary origin segments the basic 
tonic inspiratory rhythm into alternating periods of inspiration and expiration. Im- 
pulses arriving via the Hering-Breuer reflex afiferents in the vagi are supposed to be 
one of two factors which can inhibit periodically the fundamental inspiratory tetanus 
and permit expiration. In addition, the upper reaches of the pons are considered to 
contain an ill-defined area connected with the medullary respiratory center in such a 
way that a reverberating suppressor circuit is generated that can in the absence of the 
vagi periodically inhibit the fundamental tonic inspiratory discharge of the medullary 
center. This circuit implied the existence of fiber-tract connections between the 
inspiratory center and the pontine center by which pontine activity is initiated by 
the inspiratory discharge. A return pathway from the pons to the expiratory center is 
inferred to mediate expiration and inhibit inspiration (i). 

Arrest of inspiration, whether by the Hering-Breuer reflex or the ponto-medullary 
suppressor circuit, is thus considered to be affected by processes winch are set in play 
by the inspiratory act itself; in the absence of the vagi and the pons, therefore, in- 
spiration ought to be continuous and uninterrupted. This is apparently what does 
occur; in fact, the whole structure of the hypothesis outlined above rests solely upon 

Received for publication March 28, 1949. 

^ This work has been supported by a research grant to Baylor University College of Medicine 
from the M. D. Anderson Foundation, Houston, Te-vas. 
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the well-verified observation that animals ^vith transection of the neuraxis below the 
upper portion of the pons pass into n state of inspiratory spasm or hapneusis’ when 
the vagi arc sectioned or disabled. The witole concept of the mechanism of respiratory 
periodicity thus revolves, for the present, around the inter{)rctation placed uf>on the 
phenomenon of apneusis: the theory as outlined above rests upon the view that 
apneusis is a ‘release’ phenomenon uncovering a submerged tendency of the meduifarv* 
center through deprivation of regulating influences. 

This hypothesis nins counter to the classical view endo'wing the mcdullaty re- 
spiratorj' center with an inherent capacity for generation of the {>eriodic discharges 
mediating the respirator}* act. Neurophysiology affords c.vamfdes of such local 
origin of complex phasic acts, such ns the locomotor^' alternation of fie.xion and exten- 
sion carried out by a completely deatTcrenicd jxjrtion of the spin.al cord isolated by 
transection. To dale, however, c.xperimcnts purjyjrling to reveal phasic respirator}' 
activity in isolated segments of the medulla have lacked conduction because of inclu- 
sion of the pons (r). 

Objections to the hyixithesis of mcdullan* ajH^riodicity Isavc been c.xprcsscfi ( 4 , 
5); these have centered in part around the obvious difficult k-s of transection pro- 
cedures; hemorrhage, shock and anoxia are difncuU to romi):u, espedaliy in the dog, 
and have been rccognixcd by all wlio have alten;pied this ty{>e of experimentation. 
The preliminary rejKwt of Xtcholson and Hong (6) i.sot the greatest importance, but 
has ncv'cr been fully detailed. To date, the proponents of the iheor}’ of respirator}' 
periodicity of medullar}' origin have failed to fmd a satisfactor}* alicrnaiive c.xplana- 
tion for apneusis, wliich has remained an impregtmbie bulwark of the opjxusing thcor}'. 

Tlie experiments reportctl here arc i>rcseatcd because they apjvcar to provide 
such a satisfactor}' explanation for the [)i»cnome!K»n of aptieusis. They suggest that 
apneusis is not a primary piicnomenon inevitably following low riccerchralson and 
vagotomy, but a secondary occurrence which can be produced or abolisljwl at will, 
and demonstrated to be not the inherent output of the uninhibited inspirator}' center, 
but a superimposed drive, ‘occluding,’ in the Sherringtonian sense, the normal out- 
put of the medullar}* center. It arises in the main, ns shall be described, from an 
exaggerated inspirator}* responsiveness characteristic of animals with pontine de- 
cerebration. 


MKTIIODS 

Forty-one dogs were cmplo.vcd, all procedures being carried out under ether or pentothal anes- 
thesia until deccrebration. Since adequate control of hemonhage by carotitl ligation and vertebral 
compression is almost never achieved in the dog, as it can be in tlie cat, the b.nsilar arterj- neis exposed 
on the floor of the brain stem by rongcuring anteriorly from the foramen magnu.m, and occluded by 
ligature or silver clip at the level of the pons or trapezoid lx)dy, in a modification of the procedure of 
Pollock and Davis (7). The base of the skull was approached by a paraphariTige.il route whicli avoided 
the cranial nerx'cs. The carotid arteries were eitlicr ligated or left free, and the carotid bodies left 
intact or denervated b}- section of their nerve supply and novocainization of the free stumps accord- 
ing to the demands of the individual experiment. While in early experiments the vagi were disabled 
reversibly by cooling, in later experiments they were sectioned, often early in the procedures. Arti- 
fidal respiration was required for variable intervals in some experiments. Simple thoracic compression 
or insufflation witli air was adequate in most instances. Gclfoam and tluombin were employed to 
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reduce hemorrhap in some experiments. Adequate time for recoye^ from the ilhe'sttiesia wM-^o^ed 
after the first mid-collicular transection. Subsequent transectioTis and vagotomy were'^arried/^ut 
after respiration was stabilized. Records were obtained by means of an accprdion-t3?pa^'h^iimo^aph. 
Figure 13 shows the levels at which transactions were made and summ'atjzej the.tfeults;"^'^ 
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Fig. I, DOG B 23. Jan. 21, 1949. 16 lb. female. Carotids ligated and basilar artery occluded at 
lower border of pons. Carotid innervation intact. Mid-collicular section followed by upper pontine 
section. Suixdval i hr. 15 min. after vagotomy. In all figures except 4 and r3, inspiration is downward. 
A. Control, pontine section before vagotomy, rapid breathing ivith regularly spaced deep respirations. 
Appearance of apneustic breathing after vagotomy. Phasic respiratory movements can be seen at the 
height of each inspiratory spasm. B, C, and D. Continuous records un^ death. In D the phaac move- 
ments increase in amplitude as inspiratory spasm lessens, and the last respirations are of normal char- 
acter. 


RESULTS 

Apneusis in the Dog 

Apneiisis is not permanent. While the apneusis that develops after vagotomy in 
the pontine decerebrate cat is reported to be pronounced and prolonged — ^long 
enough in experiments reported by most investigators to cause asphyxial death — 
it is by no means as prolonged in similar preparations in the dog. After a variable 
period, which may last as long as a minute or more in some cases, the inspiratory 
spasm is broken by an expiration. In a few seconds inspiratory spasm reappears, 
and the cycle is repeated, producmg a picture, not of apneusis, or continuous inspira- 
tory spasm, but of apneustic breathing, in which almost equal phases of inspiration 
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and expiration alternate, usually at rates of one or tv/o jwr minute (fi^rs. i-^, 6, 7, 9, 
10), This modified respindion mainliuns oxygenation of the tdood sufuc.iently to main* 
lain life, and such preparations have lived for hours. It is in fact the wide fiucluatiois 
in blood pressure accompanying the violent respiratorj' alternations vdiich is the 
main cause of death !)y pro<iucing excessive hemorrhage around the brain stem. 

In the dog, then, vagotomy in tin; classical pontine decerebrate preparation does 
not unmask a permanent inspiratory state, hut induces a condition in which, altliough 
inspiration is intensified and prolongtal, periodic expiration docs fjccur, and a respira- 
tory' rhythm is maintained. 

Apucusis is ho/ total. In the cat, it is rc{V)rtcd, apneusis apjKxirs on vagotomy in 
the pontine decerebrate jrrepamtion as a state of inspiratory sjiasrn totally replacing 
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Fig. 2. DOG n 25. Jan. 25, 1940. 26 lb. female. Carotids ligated, sinuses intact. Pontine section, 
vagi intact A. Breathing with double periodicity characteristic of pontine deccrebration with \’agi 
intact Apneustic breathing produced by vagotomy. Further medullar}' section with restoration of 
normal breathing. JB, C, D, and E. Sample strips at intervals until animal w.i,s killed 6 lirs. 14 niin. 
after medullarj’ section. Biot’s breathing in D was abolished by removal of clots from cerebellar space. 


the respiratory alternation it supplanted. In the dog this may occasionally be the 
case, but in most experiments tlierc remain some vestiges of periodic respiration 
superimposed, as it were, on the phases of apneustic breathing. Mdien apneustic 
breathing is most complete, thorax and abdomen may show no signs of normal peri- 
odic respiration, but it can be noted, especially in the moments before the inspiratory' 
phase, that the accessory respiratory muscles of the face are contracting periodically 
as though the animal were breathing normally. In most preparations however the 
abdominal and thoracic muscles show shallow respiratory' waves superimposed upon 
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the inspiratory' spasms of apneustic breathing (figs, i, 4-7, 9, 10). These may' be so 
small as to be unregisterable with the conventional accordion-ty'pe pneumograph, 
but often they are of sufficient magnitude to maintain significant pulmonary' ventila- 
tion (cf. figs. 6, 9). Abdominal breathing contributes relatively' more to these move- 
ments than thoracic, although the thorax does participate. 

Whatever their value in ventilation may be, the presence of such periodic re- 
spiratory movements demonstrates the existence of a respiratory periodicity' at fairly 
normal rates even at the height of apneusis or inspiratory' spasm. Even during 
apneusis, therefore, some part of the respiratory' complex must remain periodic. 

Apieiisis disappears in the deteriorating preparation: iwrmal respiration reappears. 
In all preparations in which apneustic breathing was permitted to persist imtil death, 
it disappeared as the condition of the preparation deteriorated. The depth and dura- 


Fig. 3. DOG B 14. Dec. 10, 1948. Mid- 
coUicuIar decerebration with vagi cut. In A, 
an incomplete pontine section produced 
apneustic breathing which was abolished ^rith 
restoration of normal breathbg by an in- 
complete medullary transection in B. Animal 
killed in good condition i hr. later. 



tion of the apneustic intervals diminished, the extent of the superimposed phasic 
respirations increased in equal proportion, and apparently normal respiration reap- 
peared for some minutes before death (fig. 1). The last respiratory' acts of the ap- 
neustic animal were thus essentially normal respirations. If deterioration and death 
be considered to be attended by progressive collapse of the more sensitive centers, 
and the survival of fewer and fewer of the more resistant structures and functions, 
then the reappearance of normal breathing must be regarded as the emergence of a 
simple act from a more complex one, not, as the theory of Pitts, Magoun, and Ranson 
w’ould imply, the reestablishment of a complex act out of a simpler one. 

The essential implication of the above three sections is clear, that apneusis repre- 
sents some process superimposed upon a basic periodic medullary' respiratory' rhythm. 

Apneusis lessens and disappears upon further transection in the medulla. When the 
brain stem of an animal showmg apneustic breathing is again transected in the upper 
reaches of the medulla, apneustic breathing lessens and disappears (figs. 2, 3). Ihspma- 
tions are no longer prolonged, expirations follow at the normal time, and each respira- 
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lor\' act resembles the normal, Tiie pattern of respirator,' pjrioch’city may vara*, as 
will be described later, but a true pcnodkhy remains, v/ithmit tr, ice of imphatory 
spasm. When the transection is made belott* the trapezoid body before vagotomy, 
vagotomy then fails to influence respiration ffip, 8/1), 

In some c.xfwrimcnts, where pmtinc decerebration caused a lf»ng j>er!o<l of apnea 
for some reason or anotlier, vagotomy also failed to produce npneusis (fjg, SC), Prc' 
sumably anoxic damage to the anterior {>ortion of the brain stem, either bccrmsc of 
the apnea itself or circulator}' ehangtxs that may h.ivc r.iuscd it, served as a physio- 
logical transection at the mcdull.iry level, 

Apneusis, or apneustic bre.-ithing, or inspir.itor}- sjvasm, is thus ciiaractcristic of 
a suprnmcdullar}' jweparation, ami in no v.ay is it an attri!>iitc of a mcdiiliar}' prep- 
aration. Tlie medulla wlien separated front the |?ons js tints inc.ipable of prolonged 
inspirator}' spasnr, but is normally jK'riodic. 

Apneusis cat! he produred or rnhauced hy caro’.Ui hiHiy sUtnulalion. Consideration 
of the influences to which the brain stem rcnm.int is exposed after jxmtinc tran,sccuon 
and vagotomy, in searcli of a peripheral factor that migltt contribute to the over- 

itjwv.'N:»ti\wi \ ■ •'"'ft** 

~ . I-'jo. 4 . w-o 3 J Nov, J9.J4. 10 Ih. 

, jr.nk. J'oatiric ticc«ci>ratJon, v.’ijd suppr«.«d 

* tiv rcjxatcd ciydinc- CirotWs ir«. Cjir*3t‘cls. 

^ _ Oi'cJutJfd, produdnj; apntujis vith juper- 
” ' ^ ^ !tr.p;>?c-d aldonun.il respirations at jr/min. 

CABOT I OS OCCLtl PEO 

riding inspirator}' drive tliat results in apneusis and apneustic breathing, led ulti- 
mately to the realization of tiie role of the carotid bodies, Biiatertd ligation of the 
common carotids is a standard {iroccdurc in cicccrcbration of the c.at. Singularly 
enough, few authors who have written on the subject of apneusis have considered the 
state of the carotids; it is implied in Lumsden’s account that at least one carotid was 
ligated for insertion of an arterial cannula for registration of blood pressure (S, 0). 
Stella has reported that intracarotid injection of cyanide can produce apneusis (ro, 
ii). In all the experiments recounted above, in which vagotomy produced apneustic 
breathing in the pontine decerebrate preparation, the common carotids were ligated 
to reduce liemorrhagc during deccrebration. In other animals in whicli the carotids 
were later liberated, apneustic breathing also continued, and in these, apneusis could 
be prolonged by carotid ligation (fig. 4), or by intravenous or intracarotid injection of 
small quantities (1-6 mg.) of cyanide (fig. 5), Attempts were made to stimulate the 
sinus nerves electrically and on some occasions mild degrees of inspirator}' spasm 
or prolongation of the inspiratory stage of apneustic breathing were obtained. In 
general, however, the effects of nerx-e stimulation were not so clear-cut as those witli 
stimulation of tlie carotid bodies with cyanide. 

Apneusis is reduced by peripheral dencnalion of Ihe carotid bodies or abolished by 
denervation of the medulla. After apneustic breathing had been established by lower 
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pontine decerebration and bilateral vagotomy, subsequent denervation of the carotid 
bodies greatly reduced the duration and depth of the inspiratory periods, and aug- 
mented the underlymg phasic component (fig. 6). In one experiment the procedure 
led to practically complete restoration of phasic breathing (fig. 7). In 4 experiments 
in which denervation was carried out as a preliminary procedure approximately i 
hour before decerebration, transection of the brain stem between the pons and trape- 
zoid body followed by vagotomy failed to produce apneusis or apneustic breathing 
(fig. SB), while the same procedure in animals with intact carotid innervation in- 
variably produced apneusis and apneustic breathing. 

Denervation of the brain stem stump in animals showing apneusis restored nor- 
malbreathing (figs. 9, 10). In this procedure a probe was passed laterally between the 
medulla and the skull, severing, as autopsy later revealed, the eighth, ninth, and tenth 
cranial nerve roots, and the medullary components of the eleventh. 


. Fig. 5. DOG B 4. Nov. 2, 1948, 24 lb. 
female. Basilar arterj’" tied, carotids looped 
during decerebration but thereafter free. . 4 . 
Control, pontine decercbration before vagot- 
omy. Production of apneusis for appro.xi- 
mately i min. by vagotomy. Rhythmic ab- 
dominal respirations at 19/min. continue 
during apneusis, Apneustic breathing there- 
after. B. Intravenous injection of 2.0 mg. 
potassium cyanide. Apneusis for 2 min. fol- 
lowed by continuance of apneustic breathing 
at 4 times/min. 


It can therefore be concluded that apneusis, or apneustic breathing, or inspira- 
tory spasm, represents an exaggerated inspiratory response superimposed upon, and 
practically completely occluding, the natural periodicity of the medullary respiratory 
center. 

Respiration in the Medullary Preparation 

Whether or not the foregoing analysis of apneusis is correct in all its details, one 
salient fact emerges: that when the medulla is more completely denervated, either by 
section of the auditory and glossopharyngeal nerves or denervation of the carotid 
bodies, or by a medullary transection, all traces of apneusis disappear, and a funda- 
mental respiratory periodicity re-emerges. 

The respiratory activity of the medullary preparation is often indistinguishable 
from the breathing of the mid-collicular or the pontine decerebrate animal before the 
vagi are cut; there thus are no grounds for supposing that the respiration of the 
medullary preparation represents some more primitive or uncomplicated type of 
respiration different in its fundamental nature from normal" breathing. In general, 
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however, it sltows variations that ?uR(^t;£t the n)>sence of controihn." Inlluencts, and 
three main patterns emerge; a) Regular, slow, and complete ins|iirat!ons and expira- 
tions, suggesting an all-or-noihing discharge with each inspiration, are frequently 
seen (fig. SB). Rtitcs arc not significantly difterent from normal, jsnd neither {wlypnca 
nor extremely slow rcsjriraiion arc observed, b) Respinitions of lesser amplitude which 
var)' in depth and interval are the most common tvfjc (figs. o, to). .All gradations 
have been seen from completely regular .‘.pacing and depth to marked irregularity. 
This kind of re.spiration sugge.sts a type of 'ficnerv.atiofs at.a.\iri' of a rcspinitory center 
deprived of its regulating influences, but it should be. |>oinicd out that pontine and 
mid'Collicular preparations show some degree—and often as marked a degree—of 
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Fig. 6 . DOG a 31, Feb. 7, io.io. 14 lb. female. . 4 . Control. Pontine dcccrcbmtion. Carotids intact 
and lig.itcd. Vagotomy produces ajmcustic breathing without completely suppressing phasic respira- 
tory movements. B, C. Denervation of carotids greatly diminishes the duration of inspirator}’ phases 
and increases the amplitude of the periodic respirator}' movements. 

this same irregularity wlten the vagi arc still intact (figs. 7, S.-l). c) Biot s breathing. 
This type of respiration appears as a transition between apncustic breathing and 
medullary respiration. The basic slow periodicity of the apncustic cycles remains, but 
the periods formerly devoted to inspirator}' spasm are given over to more or less 
complete inspirations and e.xpirations. Thus periods of regular phasic expirations and 
inspirations alternate with periods of apnea at the rate of apncustic breathing (tig. ii). 
Often some element of inspirator}' spasm is associated with the periods of respiration 
and in fact almost all gradations between apncustic breathing and Biot’s breathing 
may be found. In general, the imjjression was gained tliat Biot’s breathing appeared 
■when there was pressure on tlic brain stem or when apneusis was not completely 
suppressed by denervation procedures in high medullaiy preparations. Biot’s breath- 
ing was not seen after low medullar}' transections, eitJier because of the level of section 
or because in these experiments the cerebellum was completel}' removed to facilitate 
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transection and opportunity was therefore, not afforded for development of pressure 
through accumulation of blood between the medulla and cerebellum. It was our im- 
pression that the level of section was a more important factor than hemorrha<re or 
, pressure. ui 


SUMJLA.RY OF RESULTS 

frodncmg apncnsis or apnenslic breathing. In 20 experiments apneusis was 
produced at one time or another by vagotomy after low decerebration. It invariably 
appeared after sections between levels A (anterior) i-P (posterior) i and A2-P3 (fig. 



Fig. 7. DOG B 24. Jan. 24, 1949. 14 lb. male. Carotids ligated, basilar artery occluded at lower 
border of pons. A. Control record after pontine decerebration and with vagi intact. Note irregularity 
in depth and rl^thm. Vagi sectioned with appearance of apneustic breathing which is incomplete. 
B. Denervation of carotid bodies and sinuses with disappearance of apneustic breathing. Resultant 
respiration is more rapid than control, is still irregular in depth and rhythm. Occasional periods of 
inspiratory spasm. 

12), except in 2 e.xperiments where a long period of apnea (approximately hour) 
occurred after section at the level A2-P3. In these 2 instances it was presumed that 
anoxia had disabled the ‘apneustic center.’ The longest survival of an animal in ap- 
neustic breathing was 2 hours, 46 minutes, after which the animal was killed. 

Role of carotid denervation. Apneusis or apneustic breathing was prolonged or 
intensified b)’- carotid occlusion in 4 experiments, and in 4 other experiments cyanide 
had the same effect. In 7 animals with low decerebration at levels anterior to A2-P3, 
in which the carotid bodies were carefully denervated before decerebration, apneusis 
or apneustic breathing failed to occur after vagotomy. The carotids were denervated 
after apneusis was produced in 4 experiments with reduction or disappearance of 
apneusis in 3 and no effect in the fourth. The medulla was denervated intracranially 
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in cxpcrimenls with complete restoration of normal breathing in all 5 instances. 
Survivals were 56 minutes, i liour 15 minutes, and 5 hours 30 minutes after meduilan^ 
denervation. 

Normal respiration a/kr mahiUary section. 'J'hc medulla was sectioned at levels 
A.}-P5 or A.;}“P4 in 10 anim.als and in none did apneusis appear. In the a animals 
mentioned above normal respiration i)crsi.stcd after sections at the level Ai-Pj. Sur- 
vivals ranged from 35 minute.s to 6 hours 14 mimitt-s after the final medul!ar>' section 
had been made. In none of these C-tiK-Timents was artificial respiration used after 
medullar)' section anti vagolom)'. 
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rig. S. ,1, noa I! 7. Nov. 21, 104S. ij lb. 
fetnatc. Carolidr. not ligated. Section bdov.- 
lf.ap«o:d liody, \ agotomy wjdiout esiearial 
cli.mge in rtspiratorj' pattern. Killed in good 
condition i hr. thereafter. S. doo b rr. Dec. 
I, 194S. ro lb. female. Carotid bifurcation 
dcncn-atcd. Section betwcea medulla and 
fnpc.’oid botly. t'iigotomy m'tbout cuect. 
Survival for 55 nrin. there.'dtcr. C. voo u eS. 
Jan. 2S, 1040. 1 7 lb. female. Mid-poatinc sec- 
tion followed by j hr. apnea. Restoration of 
jpont.-mcous respiration. Section of TOgi with- 
out influence. Siira-ival for i hr. Uicrcaftcr. 


Polypneic Panting in ihe Dcctrebralc Dag 

Despite reports of the existence of ‘polypneic panting’ in the decerebrate dog, 
this type of breathing was never encountered. This may be attributed in part to the 
absence of excessive hemorrhage and shock in these e.xjjcriraents and to the fact that 
in most instances the carotids were either dencrcatcd or were occluded only tcmjxi- 
rarily or not at all. 7’his latter possibility is supported by some observations pointing 
to enhanced responsiveness to intravenous injection of cyanide or carotid arterj- oc- 
clusion below the bifurcation in the decerebrate dog. Rates above 60 per minute were 
not encountered even following cyanide injection or carotid occlusion (fig. 13). 

Anlonoviic Imbalance 

A striking difference in autonomic balance was noted between the mid-colHcular 
and pontine decerebrate preparations, the latter being characterized .by a marked 
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bradycardia and hypersecretion of saliva. A detailed account of this phenomenon will 
be given elsewhere. 

DISCUSSION 

The most significant result of these experiments is the fact that a dog deprived 
of both pons and vagi can continue to breathe for long periods, 5 to 6 hours in many 



Fig. 9. DOG B 27. Jan. 27, 1949. 27 lb. female. A. Control. Pontine decerebration. Carotids in- 
tact and ligated. Section of vagi produces apneusis lasting 5 min., with relatively large phasic respira- 
tions superimposed. Thereafter apneustic breathing for 13 min. B, C and D. Records continuous with 
A.InB the sides of the medulla were stripped with return of normal respiration, which is at first more 
rapid and more regular than the control record before vagotomy. In this figure as in fig. i, the deep 
respirations at a slow rate may have some relation to the slow rate of the subsequent apneustic 
breaths. 

instances, in a fashion that cannot be distinguished in its essentials from that of the 
classical mid-collicular preparation, with or without the vagi. 

Apneusis, or apneustic breathing, has been demonstrated to result from a super- 
imposed phenomenon, appearing only at certain intermediate levels of transection, 
enhancing inspiration and altering the fundamental periodicity of the medulla with- 
out, however, completely extinguishing it in the dog. This exaggerated inspiratory 
drive results from the interplay of peripheral and central factors: the peripheral factor 
appears to be in the main the anoxic stimulation of the carotid bodies; the central 
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Fig. 10. DOG n jo. Fell, t, 1040. i,> ll>. female. Pontine dcccrcbration. Vngi and sinuses intact- 
CaroUcls ligated. . 1 . Vngi aU with production of npncusis for ^ min, (hare line di.angcs arc tlic rrsuU 
of a Ic.'ik in tlic recording sy.^lcm). Thereafter npncustic breathing. Xolictablc rwpirato.'j’ osdlblions 
in apneusis and npncustic breathing. />. Medulla siripjKd with restoratio.n of norm.al bre.nthing. C. 
Further section lower in medulla without altcr.ation of breathing. To(.il .ctmival .after restoration of 
normal breathing, i hr. 1 5 min. 

n e ■■ 


It 

* 

vaoe-ovr 

• f 



nut • HC 

Fig. ir. DOG B so. Jan. 14, 1949. Carotids denervated and ligated. High mcdullarj' transection. 

A. Biot’s breathing, unaffected by vagotomy. Periods introduced by increase in respirator}' tonus. 

B. Breathing still periodic but at longer periods. C. Periodicity lost but respiration irregular. Some 
postural changes remain. D. Fsscntiall}' normal respiration. Total survival after vagotomy i hr. 30 
min, 

factor is the overfacilitation of inspiration which occurs wlien the iower part of the 
pons is included with the medulla in the intact portion of the brain stem. 

The central effect on respiration of ano.xic stimulation of the carotid bodies thus 
appears to be largely inspiratory in its influence, and it is no doubt expressed in the 
intact animal both in the increment in phasic respiration and in the increased in- 
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spiratory tonus of the anoxic animal, which Greene and Swanson (12) and Harris (13) 
have noted. 

The facilitation of inspiration which occurs in the apneustic animal may well 
represent the activity of a portion of the facilitatory center to which Rhines and 
Magoun (14) have called attention, the anterior portions of which appear to facilitate 
phasic movements while the posterior portions facilitate tonic mechanisms. It would 
not be entire!}’- coincidental, according to this view, that much the same levels of 




Fig. 12. DRAWING OF THE BRAIN STEM of Uic dog showing the levels at which transections were 
made in these experiments. .S. C. superior colliculus; /. C. inferior colliculus;. B P. brachium pontis; 
A. T. acoustic tubercle; IV fourth ventricle; P. pons; T. trapezoid body; Py. pyramid. Transections 
at or below lines i or 2 posteriorly and line 1 anteriorly regularly produced apneusis or apneustic 
breathing after vagotomy. This persisted after transections as low as line 3 posteriorly and line 2 
anteriorly. When transections ivere made at the general levels of line 4 posteriorly and line 3 anter- 
iorly, apneusis persisted in some form although transitional types were commonly seen. Witli sections 
below line s posteriorly and line 4 anterior^’', apneusis was not seen and normal respirations alone 
occurred. The lowest transection made in these experiments was tliat reported in DogB 25 (see figure 
2) in which the section passed between line 6 posteriorly and slightly behind line 4 anteriorly. 

section produce the exaggerated facilitation of postural extensor reflexes which results 
in decerebrate rigidity on the one hand and apneusis on the other. It is of course clear 
that the two functions do not overlap completely, and inspiratory and extensor facili- 
tation are not mediated by precisely the same segments of the facilitatory center, but 
there seems to be a large degree of correctness in the views of Henderson and Sweet 
(15); Teregulow (16), and others, who have regarded apneusis and apneustic breath- 
ing as related to decerebrate rigidity. If, finally, the hyperactivity of extensor reflexes 
in the decerebrate animal is considered to result from a denervation paralysis of a 
medullaiy inhibitory center (xy), with a resultant imbalance in favor of facilitation, 
the midbrain centers which achieve this in the case of inspiration must be located in 
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p;ir( more posteriorly liiim tlioM.' iel;Ue<l Joe.vlen‘:or reJlexes, ft<r while rnid-jiontinc 
transcetion in genera! only angniems rlcrerehrate rigitlity, it is esH-ntia! to the pro- 
thtrtion of apneiisis. 'Fho so-ralhal pneuniolaxic renter cart thus he considered as a 
part of the general neuronal masses v.'hieli flisrhiirge into the medullary iuhiliilotn- 
center, 'i'his may well aeefiuiU tor the lark of [m-i ise if)!:aii>nUion of the so-called 
luieumotaNic center. 

'.rhe view of the nervanis regulation of respiration v.hi(;h these evperiments sug- 


gest is thus: 

</) 'I'he medidlary respirator)' center is inherently periodic. 
h) Respiration, like other hasie meeh.antsms of the cord and Ituih. is umicr the 
influence of modifying faetors from exiernal sources. 
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I'ig. 13. nnc. M !)• I'cl). 'o, 1015. '5 H*- aialt'. Mi<I-coIlioubr section witli carotids tree. Intm 
venous injection of cyanide (0.5 ing.) or carotid occiusion increases respiratory rate to 4 ° and 50; 
min. rcsirectivcly. Inspiration upward. 


c) The i>o.sicrior reaches of the muibrain facilitator)' system eniiance inspiration: 
this is normally kept in check by i) the Heriug-Hreucr reflc.v and 0) the midbrain 
centers which activate the bulbar inhibitory regions. This mechanism is no difTcrent 
from that regulating oilier refle.x phenomena in the cord, e.vccpl for recognisable 
differences in anatomical rci)rcsentation in thc-se centers, which, longitudinall)' speak- 
ing, are fairly extensive. 

(I) Wlien by mid-pontine section inspiration is c.xcessively facilitated, and im- 
pulses creating inspiratory drive impinge upon the system, apneusis is produced in 
the absence of the inhibitory effect of the Mcring-Urcuer reflex. In the dog this rarely 
occludes all traces of a basic rcsjnratory periodicity even at the height of the inspira- 
tory spasm. 

e) Apneusis so produced can be abolished by aiiprojiriate section of the cranial 
nerves, or by section of the medulla at levels below tlic facilitator)’ center and/or the 
intramedullary tracts of the cranial nerves. While the glossopharyngeal nerve appears 
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to be of paramount importancCj it was considered possible that the vestibular nerve 
was also involved, as it is in the maintenance of decerebrate rigidity in the cat. 

The whole foundation of the concept “that the rhythm of breathing is impressed 
upon the respiratory center by inhibitory mechanisms operating from without; it is 
not an expression of properties inherent- in neurons of the center,” (i) rests solely upon 
the interpretation of apneusis as expressing the basic capacity of the denervated iii- 
spiratory center; in fact the phenomenon of apneusis is the only evidence for the 
ponto-medullar^'- circuit theory of respiratory periodicity. Apneusis, as a phenomenon, 
is so invariabl}’’ obtainable with certain procedures that often no further support for 
the hypothesis has been considered to be required. In the present experiments, how- 
ever, apneusis in the dog has been demonstrated to be neither permanent nor total, 
even when most highly developed. Moreover, it has always been possible to eliminate 
it completely by one or several procedures and to restore normal breathing. Apneusis 
has been considered to be the activity of the fully denervated medullary center. Quite 
to the contrarjr it appears to be the result of an incomplete simplification of the 
respiratoiy system; on further simplification normal breathing has reappeared. Ap- 
neusis thus loses the primary significance which has been attributed to it in accounting 
for the respiratory rhythm. 

In this light the dying return to normal breathing exhibited by all animals show- 
ing apneustic breathing is worth recalling. According to the ponto-meduUary circuit 
theory the approach of death must stimulate the development of a previously silent 
center and pathways somewhere in the preparation which can again periodically 
inhibit the fundamentally tetanic discharge of the medulla. According to the same 
concept, many animals and humans ought to show apneustic breathing at death. It 
is more in accord with the concept that dissolution and approaching death reduce 
instead of increase the complexity of neuronal acts and intemeuronal organization 
(18) to suppose that apneusis is a factor superimposed upon a basic medullary perio- 
dicity which falls away as less persistent centers cease to function, leaving finally the 
primary activity of the more resistant and more caudal respiratory center. 

SUMMARY 

Apneusis in the dog is neither permanent nor total nor an invariable consequence 
of low decerebration and vagotomy. The denervated medullary preparation is capable 
of normal periodic respiration. Apneusis represents a phenomenon superimposed upon 
the basic medullary activity. The medullary respiratory center is inherently periodic, 
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LOCALIZATION OF THE SITE OF ACTION OF A PUL- 
MONARY IRRITANT, DEPHOSGENE 

J. M. TOBIAS, S. POSTEL, H. M. PATT, C. C. LUSHBAUGH, M. N. SWIFT 

AND R. W. GERARD 

From the Department of Physiology ^ University of Chicago'- 

CHICAGO, ILLINOIS 

K NOYTEDGE of the locus of action of a toxic agent is basic to understanding 
its mechanism of action. In 1942, when an effective therapy or prophylaxis 
was being sought for phosgene poisoning, the site of action of the agent was 
still uncertain. Laqueur and Magnus (i) had argued from the rapid hydrolysis rate 
(2, 3) that inhaled phosgene would be destroyed before it could be carried away in 
the blood, and therefore must act only in the lung. Most workers (4-9) agreed and 
concluded that changes elsewhere were secondary to developing pulmonary edema, 
anoxia, dyspnoea, etc.; but some pathologists (10-14) insisted on an extra-pulmonic 
action of phosgene on the brain, liver, heart and kidneys. 

The present experiments were designed to localize the site of action of inhaled 
phosgene. The)’- were of the following sorts: 

Concerning Localization to the Lung, i) Gassing one lung only; 2) Gassing one of 
a cross-circulating pair of dogs, and attempts to find a circulating toxin; 3) Parapul- 
monic administration of the toxic agent. 

Concerning Localization Within the Lung. 4) Attempts to differentiate between 
bronchiolar and alveolar effects; 5) Comparison of ordinary and massive doses of the 
agent. 


METHODS 

For unilateral exposures a technique was devised for occluding one bronchus which proved 
similar to that already described by Jacobaeus for broncho-respirometry (15). Dogs were lightly 
anesthetized with nembutal (which had been shown not to alter phosgene pathology (16), or, in 
control experiments, mortality) and laid supine with a block under the neck to keep the trachea 
straight. With the moutli held open and the neck extended it was easy, under direct bronchoscopic 
visuali2a,tion, to slip a small (1-3 cc. vol.), collapsed, condom rubber balloon, tied over the open end 
of a fine metal tube (1-2 mm. i.d.), into either major bronchus. The balloon was then inflated and 
the bronchoscope either removed or left in place to assure a clear airway. An alternative, but less 
satisfactory method was to place a Foley catheter in a bronchus, inflate the cuff, and then either 
close off the catheter to protect the lung or gas the catheterized lung alone through the catheter. 
Either lung may be permanently plugged to prevent edema fluid overflow by placing a soft rubber 
stopper in a bronchus with a Jackson forceps. Such a plug is usually not gas tight. 

For crossed circulation experiments, carotid to jugular anastomoses were made under nembutal, 
heparin or chlorazol fast pink, injected, and blood pressure followed in the carotid artery. Blood 
distribution and pressure were regulated by clamps on the connecting tubes. 

Received for publication December 22, 1948. 

1 This work was done during 1942-44 under a contract recommended by the Committee on the 
Treatment of Gas Casualties between the, Committee on Medical Research and the University of 
Chicago. 
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Diphosscnc wns uscsl throiifihoMl for convenience of Iiandlin;;. 'J'hc finding", sre, however, 
aimnst certainly equally valid for pho?gcnc, since, so far as tc 5 tccl, they act a!t?;c (ida). 

Ri:SUI,TS 

Ejfecls flj Gashing One Lung Only. The re<;ults of several types of untlalcral ex- 
posure cxperinienls arc shown in table i, and the appearance of unihiterally gassed 
lungs in figure r. In 23 of 28 experiments (83%), the protected loljcs ^verc structurally 
normal, there being no alveolar or peribronchiolar edema, emphysema or bronchtoli- 
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tis. Unprotected lobes showed the typical changes (g, 17, iS) seen after ordinarj^ 
exposure. In the 5 cases in which the ‘protected’ lung was damaged, it was established 
certainly or probabl3>- that the plugging was incomplete. 

A number of animals with protected lobes died. In 7 the plug was left perma- 
nently in the protected side, preventing function of tlie normal lung. Nine were sub- 
jected to continual postural drainage and tracheal aspiration (16), which manipula- 
tion may have hastened death; Five animals gassed through a catheter were left with 
the gassed lobes unplugged and edema fluid from them flooded the normal lung and 
airw'ays. Seven dogs w'ere gassed witli one lung plugged, following wiiich the protected 
lung was freed and the gassed side plugged to restrain edema fluid. One of these ani- 
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mals died because of a poorly fitted plug. The remaining 4 survived far beyond the 
expected time of death and were killed at 42, 44, 77 and 93 hours after gassing. 

Diphosgene, therefore, produces demonstrable pathological changes in the lung 
only after direct contact. A lung protected from such contact remains normal even 
though its mate be excessively gassed. 

Crossed Circulation Experiments. In 2 experiments, one dog of the pair was gassed 
before crossed circulation began and the circulation was then continued for 5 and 
I hours, respectively. In each case the gassed dog died with typically progressing an- 
oxaemia and pulmonary edema. One of the ungassed, cross-circulated dogs died, 
but with no pulmonary change or anoxaemia, and the other lived until killed 3.5 
days later, apparently normal. In another 4 experiments, diphosgene gas was instilled 


Fig. I. Unilateraluy gassed dog 
LUNGS. Ungassed lung well aerated and 
expanded. Gassed lung solidly hepatized, 
edematous and practically air-free. 



into the tracheal cannula of one dog while crossed circulation was in progress. All 
the poisoned animals died with typical edema. Three of the cross-circulated, un- 
gassed animals died, but not until ii to 38 hours later and with no pulmonary edema 
or other demonstrated change; one of them, killed 3 days later, showed no pathologi- 
cal change. 

These two types of experiment not only indicate that diphosgene acts only 
and directly on exposed lung, but also that no toxic agent is released in significant 
amounts. Both blood and edema fluid from excessively gassed animals reached pro- 
tected lungs, with no effect on them except for mechanical obstruction by fluid (17). 
Likewise, no systemic effects except those due to fluid loss appeared. More direct 
evidence of a toxic substance is also negative or ambiguous. 

Liberation of histamine from a gassed lung has been reported (19, 20); but in- 
haled, atomized histaminase does not lessen the post-gassing syndrome nor delay 
death, and intravenous histamine does not aggravate the syndrome or accelerate 
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ricath (i6). Large nmounts of Cflenia lltiM from heavily gassaai goafs, suddenly in- 
jeefed inlravenottsly into normal goafs may kill,' hut stfch <icaUis arc due to mukijde 
embolism (17), Intravenous injeclum of normal lung exfract, being rich in thrombo- 
plastin, cati similarly jtrodurc emboli atid death. 'Phe etiema fluid incnnslanlly con- 
tains a capillary j>crmcabili-/,ing factor. Small amounts given inlrailermally on the 
rabbit aljflomen cause local leakage of previously injectcfi Lwms blue, 7'lie effect i.s 
a feeble one, not coniftarable to that caused by vc.<icu!ar fluid from fiuistanl or Icwi- 




Fig. 2. Normal and CAS.si;n ijat r.u.vr.s after administering ItaSOi suspension intratracheally. 

site lesions. The factor of dilution in the large volume of edema fluid must, however, 
be noted. Finally, the tninsfusion of large amounts of blood from lieavily gassed dogs 
to normal ones has no demonstrable deleterious effects (16). 

Paraptilmouic Admiuislralion of Toxic Agent. Recently obtained data (21, 22) 
show that the LD-50 for phosgene in dogs is about i nig/kg. by inltalation. For the 
purpose of these c.xperiracnts, done before such dat:i were available, we estimated the 
amount retained by a dog during a normal e.xposure to be about i to 2 mg/kg. Tliis 
corresponds to 0.5 to i mg/kg. for dipliosgcnc liquid, wiiicli is much easier to give 
parapulmonically than is ])hosgene gas. I'our dogs were, therefore, given i to 2 mg. 
of dipliosgcnc per kg. intravenously in 50 per cent alcohol in about i minute. None 
showed ill effects and, when killed i to 4 days later, autopsy revealed no pathologi- 
cal change. 


- Done in colIaboraUon witli Captain R. W. Dougherty, V. C., of Dugway Proving Ground. 
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Given intraperitoneally, 85 mg. of diphosgene in 5 cc. alcohol produced dis- 
comfort, abdominal rigidity, ascites and death in 6 hours. At autopsy the peritoneum 
.was necrotized, as it was also after the injection of a few drops of pure diphosgene 
, liquid. Such large quantities undoubtedly hydrolyze to yield sufficient HCl (peritoneal 
surface was acid to Htmus) to denature protein. There was, however, no pulmonarj'' 
or other non-local effect. A smaller dose, 18 mg., injected into the abdomen in mineral 
oil had no deleterious effect, nor did as much as 5 cc. of the saturated vapor given 
intraperitoneally in rats. . 

Ailempts to Differentiate Between Bronchiolar and Alveolar Effects. Bronchioles 
and bronchi are unquestionably damaged. Post-gassing bronchitis and bronchiolitis 
have been seen almost constantly by us and others (1, 9, 17, 18). Emphysema also 
occurs early after exposure (16, 18, 23), and can be tentatively ascribed to prompt 
and transient bronchial narrowing. Trjqjan blue, injected into mice before gassing, 
appears in the perivascular peribronchiolar edema fluid before it is visible in alveolar 
edema fluid (17), and the same sequence in appearance of edema is seen with standard 
staining techniques (18). Dogs (23) recovered from phosgene poisoning or goats 
after repeated exposures (22) may show flbroblastic proliferation originating in the 
bronchi and bronchioles, which also attests earher injury to this mucosa. 

Any bronchial narrowing is important, whether active or passive, transient or 
enduring. Histologically, bronchoconstriction has been only infrequently demon- 
strated (18). Dyspnoea, occurring shortly after exposure, can sometimes be relieved 
by vagotomy, various sympathicomimetic spasmolytics, or atropine (16, 24, 25, 26); 
but a comparable reduction in tidal air is not so relieved (i). Our own studies on 
anesthetized intact dogs, given short concentrated exposures by tracheal intubation, 
show a drop in tidal air which can be reversed by vagotomy (table 2). This effect of 
vagotomy could result from dilatation of uninjured rather than constricted tubes, 
or even from altered respiratory rate and excursion. Certainly vagotomy has little 
influence on the changes in intrathoracic pressure. 

Shortly after exposure, intrathoracic pressure measurements show increased 
negativity on inspiration and increased positivity on expiration (table 3). The mean 
is displaced toward the positive side, which supports the chnical impression of a 
greater interference with expiration than with inspiration. Such a valve-like effect, 
perhaps involving bronchial narrowing, would also explain the development of emphy- 
sema. 

Also in accord with the notion of bronchial narrowing is our finding that rat 
lungs passively collapse far more extensively before than after gassing. Thus, rat 
lung volumes have been measured by water displacement in a graduated cylinder. 
The average residual air in the passively collapsed normal lung is 0.4 cc., in the gassed 
lung (30 min. or more after the start of exposure), 1.7 cc. 

We have failed, on the other hand, clearly to demonstrate constriction by 3 
direct methods: /) The rate of pleural transudation of fluid from trachea through 
pleura (27) was not altered by diphosgene in the highest doses (table 4). This is in 
contrast to reports of prompt bronchoconstriction with high phosgene doses (i, 28). 
2) Carbon black suspension was poured under constant pressure into the tracheae 
of anesthetized freshly-killed rats, normal or immediately post-gassing, and the lungs 
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examined hbUoloidcally, Tlic distribution of particles in the gassed as compared with 
normal lungs was markedly irregular (fig. 2), v/hich does suggest patchy narrowing 
of the air tubes, j) Barium sulphate powder was inhaled by anesthetized dogs, the 
animals then X-rayed, heavily gassed by tracheal intuljation, and .again X-rayed. 
.Air passage diameters, mcasurcfl on the plates, sliowed, if anything, a dilatation .after 
gassing (table 5). 

Little edema fluid drains from the trachc.a until a dog is in c.ctrcnns, at which 
time it may flow copiously from the mouth and nose. This can hardly result simply 
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from diaphragmatic or costal pressure on the lungs, since positive pressure pneumo- 
thorax will not produce such drainage (16). It thus suggests a terminal bronchiolar 
dilatation. 

The passive factor in bronchial narrowing is difficult to evaluate. Peribronchial 
edema, mucosal necrosis with sloughing, and excessive mucous secretion into the 
lumina do occur and undoubtedly contribute to respirator)' obstruction. 

Despite the conflicting findings, we feel that bronchial narrowing of vai^dng 
intensity and duration, with partial functional obstruction leading to emphysema, 
does occur promptly after gassing. Whether this narrowing is primarily passive or 
primarily muscular is not clear. Whether, in addition to bronchioles, alveoli are 
directly damaged will be considered later. 
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Massive Exposures. Animals may die after exposures to high concentrations of 
phosgene without pulmonary edema, and it has been argued from this and from the 
pathological changes in the brain, kidney and liver that phosgene per se acts on 
extrapulmonic tissues (14). We, too, have found it possible to kill animals with very 
high phosgene concentrations (up to saturation levels) without pulmonary edema, 
but with pathological changes entirely different from those usually seen. Some of 
these were also studied during the First World War (i, 29). In direct contact with 
blood, phosgene causes hemolysis and acid hematin formation, and these changes 
can be seen to occur within the lung of an animal exposed to sufi&ciently high con- 
centrations. Such lungs, though edema free and well aerated, feel more solid than 
normally. A cut surface shows a strongly acid reaction to litmus, even to the pleura. 


Table 3. Intrathoracic pressure before and after gassing (dogs) 

All figures in mm. HjO 
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Gross areas of brownish discoloration are found microscopically to contain dilated 
capillaries plugged with hemolyzed erythrocytes. Sudden death in such cases is 
undoubtedly due to this local tissue destruction and interrupted circulation. The 
HCl liberated denatures protein, lyses cells, forms hematin and leads to widespread 
capillary obstruction and asphyxia. On direct in vivo microscopic visualization of the 
frog lung, during exposure to massive doses, the capillary circulation is seen to come 
to a standstill as the vessels become plugged with hemolyzed and hemolyzing cells. 
In no case, of many hundreds of normal exposures in this laboratory, has death been 
seen without pulmonary edema unless such very high concentrations were used. 

We cannot explain Rothlin’s findings (14) of death without pulmonary edema 
after exposure to moderately high concentrations and without widespread necrosis. 
In our experience, death follows gross pulmonary edema or, with extreme exposure, 
widespread pulmonary circulatory arrest, or some combination of these. 
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Jnjlunicc of Jiapiratory Epithdhtni. If in marnmalirui alveoli there is no epithe- 
lium covering the capillary cmlothciium {30, 31), then it is only in the lung, of all the 
avenues of entry tried, that phosgene or tliphosgene can come into direct contact 
with capillary endothelium without having to pass another cellular layer. Since 
hydrolysis is extremely rapid (.tra), the agent miglit never reach |K:ritoncai blood 
vessels covcrcri by mesotheh'um, in harmony with the innocuousness of intrajieritoneal 
injection. In line with this argument, v.-e have found that goldfeh, which have a gill 
epithelium, and frogs, which do have a lung epithelium, can tolerate high concentra- 
tions (frogs up to at least e.S mgm/liler for 10 rnin.). On the other hand, birds, which 
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do not have a pulmonary’’ epithelium covering the blood vessels, are said (32) to be 
killed by the gas at moderate concentrations (i mg/Iiter for 30 min.). 

Such experiments are at best suggestive, since tlie actual exposure of the absorb- 
ing surface and the amount of toxic agent actually retained by tliese various animals 
is unknown. Indeed, only recently (33) has a method been developed for measuring 
the retained dose of the to.xic agent in mammals (21). 

DISCUSSION 

Gassing one lung of a pair, using the other as a control, seems to provide an 
unequivocal experiment. The fact that only the e,xposed lung of a pair shou's damage, 
its protected mate and other tissues remaining normal, is very strong evidence that 
the inhaled diphosgene per se acts locally and only locall}’. This evidence plus the 
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aivcolnr capillary leakage. This would he e,vcUKjed if (he finding of Coman el al. (i8), 
that the lymphatics are not cngorgc<l at the time when peribronchiolar edema is seen, 
is confirmed witli techniques for staining protein poor transudates. 

SUMMAKY 

Experiments were designed to rliscovcr the locus or loci of action of inhaled 
pliosgcne and diphosgcnc. 

Evidence from unilateral g.assing, crossed circulation and transfusion c-xperh 
ments and the results of parapuimonic administration of the to.xic agent, shov.* that 
the inhaled suhstance per sc acts only in (he lung. Pathological changes in other 
organs are secondarj' to tliis. Action on the lung is probably direct; there is no evi- 
dence for a circulating pneumotoxin or other toxic substance. The damaged lung may, 
however, liberate thromboplasiitj and capillar^' permeabilizing substances into the 
edema fluid. 

Bronchioles arc certainly injured, with some degree of inflammaton' response, 
necrosis or scarring. Bronchiolar narrowing of variable severity and duration occurs 
shortly after exposure, and maj* involve both active bronchoconstriction and passive 
narrowing due to the mural inflammation and edema. It can account for the early 
emplrysema. 

TJicrc is no unequivocal evidence of damage to the alveoli. Although peribron- 
chiolar periv'ascular edema precedes alveolar edema, such a sequence could follow 
prior damage to alveolar capillaries. 

jMassivc doses of the toxic agent produce pulmonary damage whicli is qualita- 
tively different from that following more moderate, though still loo per cent lethal, 
doses. Death after moderate doses is due to anoxia developing gradually with pul- 
monao' edema; death after massive doses is immediate, due to occlusion of the pul- 
monaty circulation from intravascular clotting and acid hemoh'sis. 
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EWECT OV VARTATJONS IN NUTRITIVE DENSITY ON 
INTAKE OF I'OOD OF DOGS AND RATS 

IIK.N'RV D. JAmmiV. AXI) M. L GROSSMAN 
I’roni the Drpnrlmcitt of Cliiiicii! Srinio:, Uuiversity of lUitioh Co!'ff,e of 


cincAc.o, U.U.VOIS 

T HK nni!!’, til’s tiliiliiy to regulate its food intake in accordance with its caloric 
needs desrnte variations in energj' oulpiil is a commonplace one, although 
the mechanisms involved in such physiological regulations are poorly under- 
stood. It is likewise apparent that the animat s ability to adjust food intake to changes 
in the caloric concentration or nutritive density of its foodslufT.s is a prerequisite for 
such regulation. Indeed, it i.s widely held that animals do »ndjust their food intake in 
keeping with changes in the caloric concentration of their diet.s with a high degree of 
precision (i). What is remarkable however is the scantiness of the documentation 
upon which such a comprehensive .statement rests. Cowgill in 192S studied the effect 
of increasing the energy content of the diet on food intake in four dogs. Under the 
conditions of his e.xpcrimcnt the dogs “ale fewer grams of the ration but appro.vi- 
malely the same number of calorie.s per day as formerly” (2). Adolph (3) has more 
recently prc.scntcd evidence on tlic effects of dilution of diet with inert material on 
food intake in rats. 

Because further obsen-ations on this jxtint seemed necessary to us in the course 
of a sj'stematic analysis of the factors which might possibi}* be concerned in tlie 
regulation of food intake in accordance with bodily need, and especially on the rate 
at which such adjustments arc made, we undertook to study tlie effects of \-ariations 
hi nutritive rlensity on food intake in the dog over prolonged periods of time by the 
progressive dilution and concentration of its diet. As a companion study, and because 
we were struck with the reported rapidity with whicli these adjustments were made 
in the rat, similar experiments on the progressive dilution and concentration of its 
diet were also performed in the rat. 


METHODS 

Z>ogs. Six healthy mongrel clogs ivcre employed in this study. The animals were 
lioused in individual cages, in an air-conditioned, relatively constant temperature 
room. They were fed once daily at the same time, and by the same individual through- 
out this study. Excess amounts of food were offered to the dogs in tared pans and 
allowed to remain in the aiges for exactly 45 minutes, following which they were re- 
moved and weighed. The dogs were weighed weekly. There was free access to water 
at all times. These animals had been used in previous feeding experiments, and were 
stabilized as to food intake and w'eight. 


Received for publication April 15, 1949. 



August ip4Q 


NUTRITIVE DENSITY AND FOOD INTAKE 


185 


During poiod i the animals were offered a diet of a dried commercial dog food 
(Pard, dehydrated, Swift) moistened with cooked meat juice, for 10 weeks. One gram 
of this^mixture was equivalent to 2.5 calories; the moisture content was 40 per cent. 

During period 2 the animals were offered a diet of a complete commercial dog 
food (Pard, regular. Swift); one gram of this was equivalent to 1.2 calories; the mois- 
ture content was 70 per cent. Thus the diets of periods i and 2 differed essentially 
only in moisture content and the absence of meat juice in the diet of period 2 ; the 
caloric value of the dry diets was the same for these two periods. This diet was con- 
tinued for from 7 to ii weeks, until the individual dogs had stabilized either the daily 
average food intake or the weekly weight or both. 

During period j, the diet consisted of the complete commercial dog food of period 
2 diluted with cellulose (Ruffex, Fischer) and water so that the resulting mixture was 
similar to the diet of period 2 in consistency and moisture content (70 per cent), but 
one gram of this mixture was equivalent to 0.7 calories. This diet was continued for 
from II to 15 weeks, until the individual dog had stabilized either his average daily 
food intake or his weight or both. 

During period 4, the animals were returned to the complete dog food of period 
2 for 10 weeks. One gram of this diet was equivalent to 1.2 calories. 

Rais. Adult male white rats grown in this laboratory were housed in individual 
cages in a relatively constant temperature room, with free access to water at all 
times. The control diet was an adequate commercial dry feed (Purina, Chow) one 
gram of which was equivalent to 3.3 calories. The diet was supplied in small glass 
jars placed within deeper jars to hold scattering to a minimum. The food intake and 
body weight were recorded daily. 

Groups of 5 rats each, after control periods of 10 days, were placed on a diet 
composed of this dry feed thoroughly mixed with varying proportions of cellulose 
(Celluflour, Chicago Dietetic) amounting to 25 per cent, 35 per cent, 50 per cent, and 
75 per cent of the diet. . 

After 8 to II days, the animals on the first tliree of these dilutions were returned 
to the control diet for 10 days. 


results 

Dogs. The individual responses of the 6 dogs to the variations in nutritive density 
of the diet are presented graphically in figures i to 6. The average intake of food is 
calculated in terms of the weekly average of daily intake. The calculation of the 
calories consumed per kilogram of body weight are based on the weekly body weight; 
total solids consumed were calculated on the basis of the moisture content of the 
diets as given above. 

It will be seen that all dogs made sonie adjustment in food intake in keeping 
with the variations in nutritive density of the diet. However, such adjustments did 
not occur in every dog with every variation; there were marked individual differ- 
ences between dogs in the rates at which such adjustments were made, in the mam- 
tenance of these adjustments, and in the precision with which caloric need was bal- 
anced during the various dietary periods. 
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Compared with their food and tsiloric intake of period 5 of the dog:> during 
period 2 tended to increase the quantity of food consumed, wiiilc one dog (No. ry) 
made no such increase. Of the s, the increase was sustained in only 3. 1 'urther, 4 of 
the dogs making adjustments of food intake required between 5 to S weeks to reach 
their maximum intake; one required 3 weeks (deg jS) but had an unsustained in- 
crease. In no dog did the increased volume of food consumed compensate completely 
for its lowered caloric value. Weight loss occurred in 5 dogs during this period. All 
dogs tended to ingest smaller amounts of solids as compared with the control j)eriod. 



Fig. I. O O Grams of Food Consumed • • ToUal Calorics Consumed O O 

Body Weight • • Calorics/KUo Body Weight • • Grams of Solids Consumed 


During period j, all dogs increased the total volume of food and amount of solids 
eaten in keeping with the further lowering of the caloric value of the diet, requiring 
from 4 to 10 tvecks to reach their maximum intake. In no dog did the increased 
volume of food consumed compensate for the diminished avloric x’alue of the diet 
when compared to period x; in 2 dogs {dogs /g, iS) the increased volume of food con- 
sumed did not compensate for its diminished caloric value when compared to period 
2; further weight loss occurred in these dogs, as well as in 2 others {dogs is, 16). The 
increase in food consumed was sustained in only 4 of the 6 animals. 

In period 4, with the return of the undiluted diet, there was a sudden transient 
increase of intake in 2 dogs (Nos. xg, 18), 

In keeping with the increased caloric value of tlie diet in this period, volume of 
food and amount of solids eaten were diminished in only 3 of the 6 animals {dogs 16, 
If, 20), which required 3 to 4 weeks in each case to reach the minimum amount. In 
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only two instances (dogs i/, 20) did the diminished intake of food compensate for its 
inaeased caloric value as compared with period 2, and in only one {dog 20) as com- 
pared with period AH animals restored their losses in body weight during this 
period. 

Rais. The results of these experiments are summarized in table i. It will be seen 
that in general some compensatory changes in the volume of food consumed occurred 
with changes in concentration of calories in the diet. However, sustained adjustment 
did not occur at every dilution. Differences occurred in the rate and the success with 
which caloric needs were balanced. 


DOG 16 



TIME IN WEEKS 
Fig. 2 . See key, fig. i. 


From table i, it will be seen that on the average the amount of food eaten in- 
creased over the control period in all dilutions. The maximum food intake occurred 
on the 7th day on the 25 per cent diluted diet, the ist day on the 35 per cent diluted 
diet, the 5th day on the 50 per cent diluted diet, and the 7th for the 65 per cent di- 
luted diet. From the averages it will be seen that the increased volumes consumed 
were not uniformly maintained. On the average only at 25 per cent dilution did the 
increased volumes of food consumed compensate for the lowered caloric values of 
the diet offered and even here initial weight loss occurred; caloric deficits were present 
in all other dilutions and corresponding weight loss occurred. Sixty-five per cent 
dilution offered the greatest stimulus to increased food intake; there was decreased 
effectiveness at the 50 and 35 per cent dilution level. 

When the rats were returned to the control diet after 8 to ii day periods on 
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diluted food llicre wos no striking immedbte change In the amount of {and eaten in 
any of the dilutions tested (25, 35 and 50%). 

DISCUSSION’ 

It is clear that under the conditions of these ex{>cnrnents variation in the caloric 
concentration of the diet does not lead to an immediate and completely compensa- 
tory adjustment in the quantity of food consumed. 

With progressive dilutions and concentration of the diet of the dog in three 
consecutive steps, of 6 dogs studied, 2 made essentially no readjustments at two of these 
stcj)Sj and one dog made none at one of these steps. In those instances where the 


DOG 17 kilo 



rig. 3. Sec key, fig. i. 

quantity of food eaten did vary with the nutritive density of the diet offered the dog, 
the changes were manifested extremely slowly, and required from weeks to months to 
become fully developed. The gradualness of such responses is further emphasized 
wJien thp day-to-day variations are considered as well as the weekly averages of food 
intake. When such compensator}’’ increases in food eaten were made, they were fre- 
quently transient, or only partially sustained. If the oilories ingested are compared 
to the control period it will be seen that during the periods of dilution, the increased 
volume of food consumed did not compensate calorically for the lowering of the 
nutritive density of the diet. 

From these results it would appear that the dog achieves satiety in part by the 
ingestion of an appropriate volume of food, and manifests a strong tendency to con- 
tinue ingesting this same volume of food daily. This ‘inertia' is emphasized by the 
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slowness with which the physiological mechanisms concerned in adjusting food in- 
take to caloric need respond to the alterations in nutritive density of the food available 
to the animal. 

However, this persistence in ingesting the same volume of food daily is of course 
not absolute, and the dogs did respond after variable periods of time to the varied 
degrees of dilution by increasing the quantity of food eaten. In tliis series of experi- 
ments a 65 per cent reduction in the caloric content in the diet stimulated increased 
food intake in all dogs. 

In considering the possible factors which are operative in modifying the dog’s 
tendency to go on eating a given volume of food daily, it is clear that they are not 
directly or immediately related solely to the nutritive density of the diet, since these 
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hypothetical factors require long periods of time to become operative. Because of this 
lag in adjusting caloric intake, caloric deficits are developed, and these may possibly 
have an intermediate role. From our previous studies we have obtained some evi- 
dence that caloric deficits in both dog and rat are not balanced from meal to meal, 
or from day to day in short term experiments (4), and the time relationships in the 
present studies are consistent with this interpretation. The adjustments in food in- 
take in the direction of balancing these deficits occur in terms of weeks and months 
rather than of days. 

That the effects of caloric deficits may be operative at slow rates as a part of 
some intermediary mechanism for adjusting food intake to caloric needs is indicated 
by the fact that the maximal attempts at compensation tended as a rule to occur at 
the periods of greatest loss of body weight, although not in every case. 

These experiments do not furnish any evidence on how such mechanisms might 
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operate. As a tlicoretical possibility, Harris (5) h>7>othesi7.cd tliat general states of 
well being arc associated with learned rcsjK>nscs to various types of diet. But even 
these tentative remarks must be qualified by the fact that weight loss did not occur 
at a uniform rate in keeping with the caloric deficits, and that the volume of food 
consumed did not vary directly with the body weight. If the fjercentage increase in 
average amount of food eaten i>er day during period j as compared to period 2 is 
plotted against tlie per ceniagc loss of body weight of these periods, there is no uniform 
pattern for all the dogs. Loss of weight per sc does not npjicar to play the predominant 
r6Ic in increasing food intake. 


DOG 19 
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Fig. 5 . See key, fig. i. 


Although the interpretation advanced in the present report is at variance with 
that of Cowgill (2), the results of that observer indicated that when 4 dogs were 
transferred from a diet of 4.88 calories per gram of food to one containing 6.06 or 6.1 
calories per gram of food all animals adjusted to the higher calorie ration by a gain 
in body weight (average 0,47 kilos). Cowgill’s suggestion that this perhaps repre- 
sented the ‘greater palatability of such a diet’ diminishes the force of his argument 
for the predominant r6le whicli he ascribed to energy requirements in determining 
food intake. Furthermore, one of his 4 dogs responded to the change in diet b}’- greatly 
increasing the number of calories per kilogram of body weight ingested per day. In 
the present series of experiments it will be seen from figures i to 6, that after the first 
3 weeks of period 4, three of the 6 dogs continued with an increased number of calories 
consumed per kilogram of body weight per day. \\^e would interpret t|iis as illustrat- 
ing the variety of individual responses. 

In the rat our findings are in general agreement with those reported by Adolph 
(3)., He observed that not until diets were diluted as much as 50 per cent were they 
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insuflScient to promote growth as measured by body weight la our hands diets diluted 
more than 25 per cent were not able to maintain body weight if the diets were fed for 
periods longer than 3 days. 

We observed as did Adolph that a return to a more concentrated diet did not 
lead to the intake of extra volumes of food when weight losses had developed as the 
result of depletion. If this is considered in connection with the evidence that com- 
plete deprivation of food in the rat for periods of i to 6 days (3) does not furnish a 
stimulus for increased intake, it becomes increasingly clear that the rat manifests a 

DOG 20 
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Fig. 6, See key, fig. i. 


tendency to continue ingesting the same volume of food daily, despite caloric deficits 
or excesses. 

As in the dog, this tendency toward the persistence of uniform average daily 
volume intake is modified by the tendency to maintain caloric equilibrium. In experi- 
ments of this type in which an inert diluent is used, it must be borne in mind that 
the flavors of the diet a,re being diluted pari passu with the calories. The factor of 
flavor probably played a role in the transition from the diets employed in period i 
where meat juice was used to period 2 where it was absent. That palatability of the 
diet furnished may play a r 61 e is also suggested by the fact that the maintenance of 
body weight did occur after some days on the diet diluted only 25 per cent, but not 
on those diluted further. Yet even in the case of the 25 per cent dilution maximum 
adjustment required 7 days to be reached. 

These rats on a diet of 25 per cent dilution lost weight initially. This finding 
emphasizes the failure to make rapid caloric adjustment even in those cases where 
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ultunalo adjuslmcnl h made. I'lom the maximum volumes of food that the rat is 
found lo be capable of ealinR on llic 6 $ {>cr cent dilution it is clear that the failures 
in the caloric adjustment at dilutions such as .55 and 50 jh-t cent are not due to limi- 
tations in the phy.sical capacity of the rat to ingest .sufticierU amounts of food. Un- 
like the dog, the number of calories per gram of bod)' weight consumed by the rat did 
not vary more than 10 |>cr cent during all tost periods. 
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.36.5 

343 




Control 

I 




2I-S 

70.9 

327 

21.4 

70.6 

355 

21. 8 

71.9 

350 

diet 

2 




33.0 

72.6 

32S 

17,8 

.38.9 

35S 

20. S 

68. 6 

35 ^ 


3 




33.0 

72.6 

32S 

19.6 

64.7 

360 

IS . 4 

73-9 

355 


4 




20.6 

67.9 

320 

10.4 

64.0 

3(>o 

19. 2 

63-4 

550 


5 




23.8 

78.5 

335 

17. 8 

SS .7 

361 

1S.4 

60.7 

55 = 


6 




16.8 

55.4 

334 

19.4 

64.0 

359 

19. 8 

65.3 

353 


7 




17.0 

56.1 

335 

16.6 

54.8 

362 

17. 6 

ss.s 

354 


S 




1S.4 

60.7 

332 

jS.o 

59-4 

363 

lS,2 

60.0 

355 


9 




16.0 

52. S 

335 

20.0 

66.0 

367 

19.2 

63.4 

355 


10 




1S.4 

60.7 



.338 

19. S 

t>S -4 

3 f>S 

17.8 

58.7 

356 


Each value represents the average of 5 rats. 


The complexity of the responses of these two species, wliich was rightl}’’ stressed 
by Adolph, indicates to us tliat multiple factors are operative and that tlie recent 
statement, “The primary urge in the ingestion of food is the satisfaction of energ)r 
requirements” (6), does not do full justice to otlier components of the regulatory 
mechanisms involved. 


STOUIARY AND CONCLUSIONS 

The intake of food in the dog and rat was measured under conditions in which 
the nutritive density of the diet was varied. Although compensatory adjustments in 
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food intake were made in keeping with the caloric value of the available diet, marked 
individual differences were observed in the rate and precision with which caloric 
adjustments were made. The tendency to ingest a constant average daily volume of 
food, ‘eating for bulk’, was modified only slowly and incompletely by the tendency 
to balance caloric deficits, ‘eating for calories’. A factor of palatability is probably 
also concerned in these adjustments of food intake. 
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SECRETION OF GASTRIC MUCIN IN RESPONSE TO 
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T here is considerable cUdence that a mucoprotein havinjjmucoitin sulfuric 
acid as its prosthetic group is as much a major constituent of gastric juice as 
arc hydrochloric acid and pepsin (1-3). Since this raucro{)rotcin is present 
in the juice in solution, it has been termed ‘dissolvcri mucin’ (i). Another muco- 
protein (2) has been found in alkaline or neutral mucus secreted spontaneously by 
the stomach in fasting animals, the elementary composition and physical properties 
of which arc distinctly different from those of ‘dissolved nnicin’ (2). That the gastric 
mucosa maj' secrete at least two different mucins is also indicated by tlic isolation of 
two complex carbohydrates from ‘Wilson’s Mucin’ obtained from the gastric mucosa 
of pigs (4). The mechanism of secretion of these mucoprotcins has been the sub- 
ject of an intensive study carried on principally in Babkin’s laboratory. The results 
obtained there were interpreted (re) as indicating that: 7) “There is strong evidence 
that the concentration of ‘dissolved mucin’ increases when the vagi arc stimulated”; 
and 2) “Histamine inhibits the discharge of pepsin and presumably mucin.” How- 
ever, this evidence was not regarded as conclusive (ic), since reliable metho^for the 
determination of mucin were unknown and those employed “could give at best only 
approximate results.” 

It was obvious that the problem had to be re-investigated as soon as more de- 
pendable chemical methods for mucin determination were available. We have 
succeeded recently in developing a reliable method for the determination of ‘dissolved 
mucin’ in gastric juice (5) and in an attempt to gather further information on the 
mechanism of mucin secretion, we have applied this method to the study of its 
secretion in reponse to sham-feeding and to histamine. 

METHODS 

Most of the experiments were performed on 3 dogs with gastric fistula and 
esophagotomy. The animals were fasted for 18 to 20 hours but water was given ad 
lib. The stomach was usually empty and clean at the beginning of each experiment 
and only typical alkaline mucus was secreted during the control period. The effect 
of sham-feeding with meat for 3 or 5 minutes was studied in 20 experiments; in some, 
sham-feeding was repeated and ‘conditioned stimuli’, such as the sight of food and 
other procedures associated with the process of eating, were also employed. The 
effect of histamine was investigated in 4 experiments on 2 esophagotomized dogs and 
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in acute experiments on 7 dogs. In the former, histamine was administered after 
preliminary atropinization in order to eliminate possible interference by incidental 
psychic influences transmitted through the vagus nerve. 

The technique used in acute experiments was as follows: Deep anesthesia was 
induced by intravenous injection of sodium pentobarbital. A tracheotomy was 
performed; the external jugular vein was cannulated and the esophagus was ligated 
in the neck. A gastric fistula was sutured through the abdominal incision and the 
pylorus was ligated. The dogs remained in a supine position for 2 or 3 hours to allow 
operative shock to subside, after which they were suspended in a prone position and 
the actual experiment was started. Saline was injected intravenously at 30-minute 
periods in amounts necessary to compensate for the loss of body fluids (in the gastric 
and urinary secretions) during the course of the experiment. 

Mucin was determined by estimating the uronic acid liberated from the pro- 
tein material of gastric secretion by the naphtho-resorcinol method which has been 
described previously (5), and in several of the experiments Dische’s carbazole method 
(6) for hexuronic acid was also used. Results obtained by both procedures were in 
satisfactory agreement. Results were calculated for mucin assuming that the uronic 
acid content in ‘dissolved mucin’ is 1.22 per cent as reported previously (5). The 
specimens were also analyzed for pepsin, total chloride and total acidity and the 
hydrogen ion concentration was calculated from the pH values determined with the 
glass electrode. 


RESULTS 

Effect of Sham-feeding and Related Stimuli. Sham-feeding, whether applied 
once or repeatedly in the course of an experiment, always resulted in a marked in- 
crease in the output of ‘dissolved mucin.’ A similar effect was also produced by 
‘conditioned stimuli’ related to the act of eating (the sight of the dish used for sham- 
feeding or noises associated with the procedure). Increase in output of mucin was 
independent of concomitant changes in mucin concentration. In the experiments 
started on animals with a resting stomach, only scanty amounts of alkaline or neutral 
mucus were secreted during the control period. The mucin concentration in this 
material varied considerably but was always very high. From 17 observations on 
2 dogs the mean concentration was 862 mg/ioo ml. with standard deviation of 503. 
After sham-feeding, when the secretion of acid gastric juice starts at a high rate, the 
concentration of ‘dissolved mucin’ becomes much lower than in mucus previously 
secreted. Nevertheless a pronounced increase in the output of mucin is observed 
(fig. I and table i, part A). If, on the other hand, the cephalic phase of gastric secre- 
tion is induced by sham-feeding or other means at a time when the stomach is al- 
ready secreting acid gastric juice, then both the concentration of mucin as well as 
its output become higher (fig. 2; also Effect of Second Sham-feeding in fig. i). Ob- 
viously these variations in the mucin concentration are greatly influenced by variable 
degress of dilution of the mucoid secretion with the secretion of parietal cells. 

Whenever the cephalic phase of gastric secretion was evoked, the output of 
mucin was increased after each stimulation. Moreover in such experiments the 
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oulpiit and rate of secretion were ns a rule corrclnlcd (Hg. i). Jf the rate of secretion 
can be regarded as a measure of strength of the stimulus, llicn it would appear that 
there is a correlation between the output of mucin and the strength of the cephalic 
secretory impulses. 

A very striking feature of all our experiments v/ith sham-feeding was the absence 
of a quantitative parallelism between the secretion of mucin and pepsin, and particu- 
larly between mucin and acid in the course of any single experiment. As a rule the 
increase in pepsin output after sham-feeding was higher than that of mucin, especially 



during the first half hour of sliam-fceding, although there were exceptions when tlie 
relationship was reversed. During tlie later stages of secretion there was some 
tendency for a linear relationship behveen pepsin and mucin outputs (fig. 2). Since 
the concentration of both of these constituents of gastric juice was equally affected 
by dilution with the parietal secretions, the above relationships are reflected in tlie 
values for the ratio of their concentrations (table r). This ratio for the first 30- 
minute period of secretion after sham-feeding was 2.o7dbo.iSr (standard deviation) 
and for the second 30-minute period, 1.04^=0.179. 

Bfeef of Hislamiuc. Histamine administration in all experiments, clironic and 
acute, elicited a typical response: a copious secretion of gastric juice characterized by 
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high acidity and low pepsin concentration. This is illustrated in table i, part B and 
table 2; the former giving results of experiments on unanesthetized dogs with gastric 
fistula and esophagotomy ; the latter showing results which resemble those of a typical 
acute experiment in a dog under pentobarbital anesthesia. 

The concentration of mucin in gastric juice secreted in response to histamine was 
consistently lower than the basal values and the concentrations found in the juice 
secreted on sham-feeding. The output of mucin during the initial period of stimu- 
lation lasting for about one hour (table i, part B, specimens 5 to 7, outputs 0.415 to 


TABI.E I. Secretion ot mucin in chronic experiments: response to sham-feeding and 

HISTAMINE PLUS ATROPINE 


SPEC, 

TIME 

EATE 

[h-H 

TOTAl. 

ACIDITY 

CHLORIDE 

PEPSIN METT 
UNITS 

MUCIN 

p/m 


no. 

min. 

cc/min. | 

mEq/l. 

mEqll. 

tnEq/l. 

/cc. 

/min. 

mg/ioo 

mg/min. 

j ratio 


I 

30 

0-033 


+ 




2100 

0.693 

1 

1 


tc ^ 1 

30 







1715 

0.395 



•1 3^ 

IS 


107 

127 

160 

231 

193 

164 

r.366 

1. 41 

A 

^ 4 

15 


117 

140 

136 

164 

137 

190 

1.581 

.86 


S 5 

IS 


II7 

143 

136 

iSs 

77 

1S5 

0.834 

I .00 


M 6 1 

CO 

IS 

0.367 

123 

ISO 

161 

231 

85 

206 

0.756 

1 .12 


IS 


126 

159 

164 

185 

67 

188 

0.615 

■99 


8 

IS 

B 

112 

147 

162 

185 

79 

1 

194 

0.S29 

•95 


I 

30 

1 

0.073 

96 



384 1 

28 

274 

0.200 j 

1.40 


g 2= 

30 

0.013 




1 


! i 

i 



a of 

IS 

0.620 

100 

133 

167 

125 

77 

<57 ; 

0.415 

1.87 

B 

“ .3 . 
c 2.4 

IS 

1. 173 

I4I 

158 

168 

35 

44 

55 

0.645 

.64 



IS 

1.246 

I4I 

138 

169 

9 

II 

37 

0.461 

.24 



IS 

1.460 

I4I 

162 

167 

3 

4 

32 

0.467 

.09 


K 7 

15 

0.966 

135 

160 

166 

3 

3 

25 

0.242 

.12 


8 

IS 

0.3S7 

129 

IS2 

161 

+ 

+ 

16 

0.062 

I 

<.OI 


Dog C gastric fistula and esophagotomy (16 kg.) 9 . 

1 Animal sham fed 5 minutes at the beginning of this period. 

- 1 mg. atropine sulfate subcutaneously 1 

® I mg. histamine subcutaneously > at the beginning of the period. 

* 0.5 mg. histamine subcutaneously j 

P/M = ratio of pepsin concentration to mucin concentration. 

— » Entrance into room of attendant who usually feeds the dog. 

0.645 mg/rohi') remains within the limits of the basal values (0.450=1=0.200 mg/min. 
for the same dog in 10 observations). In the later stages of the experiment and with 
the administration of large doses of histamine the output of mucin tends to diminish 
to levels below the basal values (table i, part B, specimen 8 and table 2, specimens 
5, 4 and 5). These findings contrasted sharply with those in the sham-feeding ex- 
periments where there was alwaj'-s a pronounced increase in the output of mucin over 
the control or basal values which lasted as long as the cephalic stimulation was 
eSective. 

The secretion of mucin in experiments with histamine was in some respects 
similar to that of pepsin, since the concentrations of both diminish sharply with the 
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progress of secretion. However, one significant didcrence was always observed both 
in the chronic and acute experiments, namely, that with tlie progress of secretion 
after histamine, the fall in concentration of pepsin was always much greater tlian 
that of mucin. This is reflected in the shari> decline of the values of the pepsin con- 
ccntration/raucin concentration ratios wliich were regularly observed for the con- 
secutive specimens in the course of (be experiment (tables r and a). 

In general the above results indicate that histamine docs not stimulate mucin 
and in large doses even appears to inhibit it. 



Fig. 2 

DISCUSSION 

It has been demonstrated in this investigation that the output of so-called ‘dis- 
solved mucin’ is greatly stimulated by sham-feeding or ‘conditioned stimuli’ asso- 
ciated with it, while histamine administration does not influence mucin secretion and 
under certain conditions appears to depress it. Qualitative!}', the secretoiy response 
of mucin and pepsin was similar with both kinds of stimulation, but quantitatively 
there was a lack of parallelism in the concentrations of these two major constituents 
of gastric juice. Even more marked was the absence of any parallelism behveen mu- 
cin concentration and acidity. These findings suggest the e.\'istence of some es- 
sential differences in the mechanisms governing the function of the respective secre- 
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tory cells, both in response to sham-feeding and to histamine. At the present time 
we can make no definite statements concerning the nature of these differences. 

Two questions naturally arise regarding the increase in output of mucin after 
sham-feeding: First, could the increase in secretion of mucin be a secondary effect, 
the result of an increase in gastric motility which might be induced by sham-feeding? 
This may be answered in the negative, since the results of other studies (7) show that 
sham-feeding inhibits gastric motor activity already present and that the output 
of mucin is greatly increased (3 to s-fold) during the periods of motor inhibition (8) 
following the sham-feeding. Second, could the increased output of mucin after sham- 
feeding be a secondary effect of local stimulation by the acid of the secreted juice? 
That this is not so is indicated by the results of our experiments with histamine, 
since in these experiments the output of mucin was much lower than it was in the 
sham-feeding experiments in spite of comparable rates of secretion and equal or even 
higher acidities. Thus, the increased output of mucin after sham-feeding and after 


Table 2. Secretion of itocin: response to histamine in anesthetized dog 


SPEC. 

RATE 

IH +1 

TOTAL 

ACIDITY 

CHLORIDE 

PEPSIN UETT UNITS 

MUCIN 

P/M 

no. 

ccimin. 

mEqll. 

inEg/l. 

mEqll. 

jcc. 

Imin. 

1 

miltoo 

msimin. 

ratio 

I 

0.24 

102 

136 

149 

7.8 

1.83 

53-3 

.128 

.146 

2 

0.72 

II7 

146 

162 

0.6 

0.43 

17.2 

.124 

•03s 

3 

0,89 

120 

148 

164 

<0.1 

<0.1 

4.9 

.044 

<.020 

4 

0.97 

123 

148 

IS <5 

<0.1 

<0.1 

4.9 

.047 

< .020 

5 

0.83 

126 

H9 

159 

<0.1 

<0.1 

S-6 

.046 

<.018 


Acute experiment. Dog 9 8.3 kg. Pentobarbital sodium anesthesia. Gastric fistula. Pylorus 
and esophagus (in the neck) ligated. Histamine dihydrochloride injected for one hour before col- 
lection of sample i (0.2 mg. at is-minute intervals) and during collection of samples i, 2 and 3. The 
loss of body fluid vas compensated by intravenous injections of saline at 15-minute intervals. 

P/M = Ratio of pepsin concentration to mucin concentration. 

stimulation with related ‘conditioned stimuli’ should be regarded as the direct re- 
sult of reflex stimulation of the mucin secreting cells. 

The fact that the decrease in the concentration of mucin in response to hista- 
mine was not as pronounced as that of pepsin may be the result of a local stimulatory 
action of the acid of the juice on the mucin secretion, although convincing evidence 
in favor of this hypothesis is not available at the present time. 

SUMMARY 

Experiments performed on dogs with gastric fistula and esophagotomy demon- 
strated conclusively that sham-feeding causes a pronounced increase in the out- 
put of ‘dissolved mucin’ as effectively as it does that of acid and pepsin. Further- 
more, an analysis of the curves for concentration and output of mucin, pepsin and 
acid shows the response of each to be independent, an indication that the respective 
sets of secretory cells respond in a selective manner to sham-feeding. Similar effects 
were obtained also with ‘conditioned stimuli’ related to the act of sham-feeding. The 
stimulatory effect of sham-feeding was shown to be a primary one, independent of 
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changes in gastric inotilily, and not due to the local action of tlse add of the gastric 
juice. 

Experiments with liislaminc on atropinized, iinanesthetizcd dogs and in sacrifice 
experiments under sodium pentobarbital ancstlicsia showed that the parietal cells 
alone are stimulated by this substance. The output of mucin remained constant at 
the level of the resting stomach secretion and with larger doses even appears to be 
depressed. 
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A COMPARISON OF THE PROPULSWE MOTILITY OF THE 
SMALL INTESTINE IN ADULT DOGS AND PUPS 

J. CLIFFORD STICKNEY, EDWARD J. VAN LIERE and DA\TD W. NORTHUP 

From the Department of Physiology, School of Medicine, West Virginia University 

1I0RGANT0\VN, AraSX \TRGINIA 

A LTHOUGH the effect of ageing on the physiology of the gastrointestinal 
jL\ tract is a pertinent one, relatively little is inown about this subject. This 
X JL is particularly true of the motility of the tract. Carlson (i), as a result of 
his studies on hunger, concluded that in healthy dogs the hunger contractions of the 
empty stomach decrease with age. This decrease, however, was mainly in duration 
of activity. Studies of digestive motility in this laboratory (2) have revealed no dif- 
ference in the gastric emptying time of aged men in comparison with that of a large 
group of young adults. 

Some comparison between the progress of test meals through the entire digestive tract in infants 
and in adults is available in the literature. Lesne, Binct and Paulin (3), who used carmine to mark the 
ingested food in infants, found it appearing in the feces within S to 9 hours. Mulinos, in medical 
students also with carmine (4), found a great variability in the time of its appearance, but the greatest 
number of subjects passed it after 24 hours. Barium sulfate has been reported to appear in the feces 
within 24 hours in adult man (5), but as Alvarez has pointed out (6), longer inter\'als have been 
found, particularly with other test agents, by several investigators. If the living length of the entire 
intestine of infants bears the same relation to the living length of the adult intestine as that seen in 
cadavers (7), that is, about 40 per cent, and the rate of propulsive motilitj' is the same in both, then, 
on the basis of results with infants one would expect a test meal to appear in the feces at around 24 
hours in the adult. Since, so far as the available data indicate, tliis is about the time of appearance in 
at least some adults, it would seem that the propulsive motility may not necessarily depend on age. 

Inasmuch as this laboratory had accumulated, in connection with other experi- 
ments, a large amount of data on the propulsive motility of the small intestine of 
adult dogs, it was deemed profitable to extend such investigations to pups in order 
to assess the age factor. - . 

METHODS 

The experimental animals consisted of in canine pups and 126 adult dogs. The 
e.xact age of the pups, in most instances, was not known, so that the presence or ab- 
sence of puppy teeth was used as a criterion for classifying the animals. In no cases 
were borderline (that is, those possessing both puppy and adult teeth) animals used. 
The body weight of the pups ranged from 0.355 to 5.50 kg. while the average was 2.03 
kg. That of the dogs ranged from 2.49 to 19.2 kg. with the average at 7.59 kg. 

Motility of the small intestine was determined essentially by Macht’s technique 
for the following intervals of time: 5, 8, 15 and 30 minutes. Fifteen to 50 cc. (de- 
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pending on the size of the animal) of a mixture of lo per cent powdered diarcoal 
suspension in lo per cent gum acacia in water was given by stomach tube to the 
animals, unancstlictized and in the post-absorptive stale. At the end of the appro- 
priate time intervals after intubation Uie animals were given a fatal dose of ether, 
the small intestine removed, slit open and the distance tiie charcoal mixture had 
traversed the intestine was measured, 

RESULTS 

The length of intestine traversed by the charcoal mixture for etch time internal 
for the two age groups is shown in figure i, in which curves were visually fitted to the 



Fig. I. LE.voTnorsiiAi,tnrrES- 
Tixn tnivc.'sed at various intervals 
of time after gastric intubation 
witli charcoal-acada mixture. 


experimental points. The fit is surprisingly good for the data, in whicli the variabil- 
ity is quite high. Since the curv'e for pups resembles that for dogs, similar factors are 
probably, though not necessarily, acting over time in both groups. However, the rate 
at which inert material is propelled in the small intestine is greater in dogs tlian in 
pups. This is true particularly at the end of 15 and of 30 minutes, where the dif- 
ferences in centimeters traversed were 31 and 24 witli values of 0.026 and 0.022. 

In figure 2 in which the data were plotted according to the percentage of the small 
intestine traversed in the two groups of animals, it is seen that the points fall essen- 
tially along one line. This suggests that, although rate of propulsion is slower in pups, 
the proportion of the gut traversed is similar for each time interval in pups and dogs. 
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The average length of the small intestine in the pups was 194 cm. and in the 
dogs, 233 cm. This turns out to be 96 and 31 cm/kg. of body weight respectively. 

DISCUSSION 

The method of measuring intestinal motility which has been used here does not 
yield absolute rates at which material is moved along the various parts of the small 
intestine. This is due to the fact that the stomach may not begin to empty promptly 
after intubation. For example, an occasional animal was found in which emptying had 
not occurred even within 30 minutes. The longer the interval over which the motility 
is measured the greater number of animals having delayed emptying would be ex- 


Fig. 2. Percentage OF SMALL iN- 
TESTiNEjtraversed at various inter- 
vals of time after gastric intubation 
with charcoal-acaciajmixture. 



pected to be included. Hence, delayed gastric emptying would theoretically introduce 
a factor which alone would tend to magnify falsely the true gradient of motility along 
the small intestine. 

If delayed gastric emptying was equally present in both series of animals, a com- 
parison of the results should be valid. If, for the sake of argument, the gastric emp- 
tying of pups had been more prompt, as might be inferred from Carlson’s experi- 
ments on hunger contractions, the length of small intestine traversed would have 
been apparently greater when compared with that of adult dogs. Since, in spite of 
this possibility, the adult dogs had a fairly signihcant greater apparent motility, it 
seems inescapable that the true rate of propulsion must be greater in the small in- 
testine of adult dogs. 
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An earlier determined (S) degree of correlation beUveen length of small intes- 
tine and centimeters traversed after 30 minutes vas so Jov.' (-f-o-58) that no great 
dependence of motilitx' on gut length was visunllacd. In tlic present scries of 33 pups 
whidi v/crc killed at the end of 30 minutes, the degree of correlation is considerably 
higher: -|- 0.59. This finding along with the overlapping curves for percentage of the 
small intestine traversed over time (fig, 2) in the two series make it quite probable 
that the rate of propulsion is related to the gut length. The faster rate .seems to be 
found in the longer intestine and the slower rate in the shorter intestine. 

It could be argtjcd that in the best interests of the economy of the organism, the 
ch>*mc should remain within the limits of the small intestine until tiic processes of 
digestion and absorption arc complete. The time necessary for such completion would 
be expected to be fairly constant from indhddual to individual regardless of gut 
length. If some provision were not made for correlating rate of propulsion of chyme 
witli the length of the viscus, there would be the possibility of incomplete digestion 
and absorption within the small intestine and the loading of the colon with food 
residues whidi might lead not only to wastage of food but also to improper function- 
ing of tlie colon. Our results suggest, at least, that some sort of regulation ma)' exist 
which prevents tliis possibility. It is of interest to speculate upon the nature of Oiis 
control. The regulating mechanism may simply be inherent in the growth of tlic di- 
gestive tube and/or its ner\-ous supply. On the otlicr hand it is possible tlial some 
negative feed-back mcdianism may control the progress of the chyme. Inasmuch as 
water was the main physiologically active component of the test meal used, the 
first alternative seems more probable; othcnvisc, the presence of water must be con- 
sidered capable of influencing the motility of the intestine. 

STBIilARY 

The length of small intestine traversed by a charcoal-acacia suspension in 5, S, 
15 and 30 min. has been determined in 126 adult dogs and in in pups. The rate of 
propulsion was found to be greater in adult dogs tlian in pups, but the proportion of 
the small intestine traversed per interval of time was found to be essentially tlie same 
in both. The latter result along with the finding of positive correlations between gut 
lengtli and rate of propulsion suggest that tlie speed of propulsive motility may be 
related to gut length. The physiologic significance of sudi a rdation is discussed. 
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EFFECT OF INTRAVENOUS CALCIUM SALTS ON RENAL 
EXCRETION IN THE DOG^ 

A. V. WOLF AND STANLEY M. BALL 

From the Departinetii of Physiology and Pharmacology, Albany Medical College, Union 

University 

ALBANY, NEW YORK 

F ew systematic studies of renal excretion following intravenous administra- 
tion of calcium salts appear in the literature. This report of 25 experiments 
on 7 dogs (15.6-25.5 kg.) concerns some urinary functions of the kidney which 
became evident during the course of steady intravenous injections of solutions of 
calcium chloride or calcium gluconate. 


PROCEDURES 

A wing tip, soft rubber catheter was introduced into the bladder of a perineot- 
omized female dog. The animal was allowed to stand in a stall in which the only 
restraint consisted of a loose strap or loop of cloth around each leg, held high on the 
leg by a supporting chain. No restriction to movement was applied imless the dog 
attempted to walk away or lie down. The former attempt was xmcommon once the 
dog perceived the nature of the restraint and the latter occxirred with some frequency 
only in certain dogs which appeared to rest comfortably on the straps for long periods. 
Urine was readily collected at hoiur or half-hom intervals by unstopping the distal 
end of the catheter hanging between the hind legs, with or without the necessity of 
routine manual pressure on the abdomen in the region of the bladder. Analyses were 
performed on 6 hourly mine specimens to determine ps, HCO3, Cl, Na, K, Ca, Mg, 
inorganic PO4, and inorganic SO4. Serum was obtained during a control hour before 
starting intravenous infusion and during the 5th hour of infusion, and was analysed 
for the same substances as the urine except that SO4 and pK were not determined. 
Infusion of solutions of calcium chloride or calcium gluconate of specified concentra- 
tion was carried out either at a ‘fast’ rate (averaging 4.18 ± 0.22 cc/min.) or at a 
‘slow’ rate (averaging 0.586 ± 0.088 cc/min.) by means of a pump. The solution was 
forced tlirough an S-inch length of pure polyethylene plastic tubing, about 3 inches 
of which were introduced into the lateral superficial vein of a lower hind leg through 
a gauge 15 needle. The latter was withdrawn and the plastic tubing taped in place. 
Fluid entered the plastic tubmg through a gauge 25 needle connected by rubber 
tubing to the infusion pump. All experiments were carried out in a room whose air 
temperature was held between 21° and 23° C. 

METHODS 

Inorganic SO4 was determined by the method of Fiske (i) and inorganic PO4 by that of Fiske 
and Subbarow (2). Magnesium was analysed colorimetrically (3) and Ca titrimetrically (4). Other 
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analyses were carried out ns itulicatcd previously (5). Bcciureof the number and complexity of com* 
binations of <lata obtainable from even a fov exj)crlmcnts fn which f/s many varbblcs arc studied 
simultaneously it seemed necessary to group the data in some u':i>-3 arbitrarily and to test the statis- 
tical significance of many of the results by the T test (fi). 

Infuscrl solutions wilt be considered to belong to one of 3 groups according to tlic rate at which 
calcium wasinfused. or aero calcium, includes only infusio'is of 5J pcrccntg!ucocc;grmr/’J?,or 

medium caldum, includes infusionsof calcium rangingfrom 7.76 1037.5 micro-cquiv'alents per minute*; 
and sroup C, or high calcium, includes infusions r.anging from 59.3 to r 1 7 mic.na-cquisMlcnts per minute. 
Higher rates of calcium administration could not be to!crate<l for 5 hours without the intervention of 
vomiting and such rates of calcium administration could induce vomiting even before appreciable 
loads of calcium developed. 


llKSirLTS 

Figure I sliows tlte relation between the actual rate of urinary flow (u) .and 
the duration of infusion for the three infusion groups when these were given both 
at 'fast’ and ‘slow’ rales of fluid input. Xo specific diuretic or ccuretic cfTccts of 
calcium appear to c.vist independently of or in conjunction with tho.se of water or 
isotonic glucose, i.e., urinary flow in non-hydrated (average net load of water at the 
end of the 5lh hour = —28.7 cc.) and in hydrated (average net load of water at the 
end of the 5th hour — 267 cc.) dogs shows no itiflucncc traceable to differences in the 
simultaneous Ca load’. 

Figure 2 indicates how average urinarj’ pii values varied with the duration of 
the infusion. Whereas little importance need be attached to the pii x-alucs at the 
beginning of the infusions, those values by the sth hour are suggestive. At the 5th 
hour the zero (. 4 ), medium (B), and high (C) calcium groups form a scries of in* 
creasing urinar}' acidities as we go from A to C, regardless of the initial level of the 
urinar}'’ pn. From the data at hand it could be shown that groups A and B combined 
differed significantly from the C groups. Gluconate and chloride were not different in 
their effects on urinary pn. In any case, these are not ‘acidifying’ effects of the kind 
seen with oral calcium chloride. X'o significant change of serum HCO3 was demon- 
strated following calcium infusion. Urinary HCO3 c.xcretion, in accord with 
showed significantly lower values in C groups than in A and B groups combined 
at the 5th hour. 

Figure 3 illustrates relations between the excretion rates of both Cl and Ca 
and the corresponding infusion rates of these ions. The diagonal passing through 
the origin is the locus of all points at which e.\'cretion rate equals intake rate (uU = il). 
It is seen that with intakes below approximately 2 micro-equivalents per minute, 
renal excretion of Ca is greater than intake so that the body develops an increasingly 
negative load of Ca as the duration of infusion is prolonged. For Cl, this viiumal 
isorrjicic quantity (MIQ) is of the order of 8 micro-equh^lents per minute. Below 
this rate of intake. Cl escapes from the body faster than it is put in; above this rate 
and below approximately 70 micro-equivalents per minute its load in the body in- 
creases in the course of an infusion of CaCl^. At intake rates in excess of 70 micro- 

* Dilute solutions were fortified with sufficient glucose to make them isotonic. 

* Insensible water loss, w, was estimated to be 0.4 cc/min. (7) or 120 cc. for the duration of the 

infusion. It may be observed in figure i that i, in accord with the e.xpected ecuresis of plain 

water intakeg, (10). 



Aup/st Jrp;/p 


CALCIUM EXCRETION 


207 


equivalents per minute the rate of excretion of Cl again exceeds its rate of intake 
and negative loads of Cl develop. Extending the nomenclature of isorrheic concentra- 
tions (7-10, 5) wc find (hat this second point of equivalence between intake and 
output of Cl would be a vojt-Jnnitiiig isorrheic guonlily (NLIQ). A limiting isorrheic 
quantity (LIQ) for Cl would be difficult to demonstrate since the toxicity of higher in- 
fusion rates of Ca precludes ascertaining a point of intake of CaCb above which the 
urinary output of Cl is less than its intake at the 5U1 hour (see discussion). The 
AIIQ and the LIQ for Ca appear to be identical. Figure 3 shows that Cl is excreted 
far more rapidly than Ca. 

In figure 4. relating the excretion rate of Ca to the load of Ca at the 5th hour, 
the slope of the curves represents the velocity constantof e.vcrelionof Ca (y = uU/L = 
rate of excretion per unit load where load is expressed in micro-equivalents and e.x- 


Fig. I. Urink rcow (u, in cc/min.) as it 
varied with the duration of infusion (time, 
hrs.). Solid lines connecting open circles rcj}- 
resent urinary flow during 'fast’ infusions, 
the average rate of which is rcprcscntcti by 
horizontal line i <= 4.1S cc/min. A (zero Ca) 

4 cases; B (medium Ca), 2 cases; C (high Qi), 

5 ciscs. Interrupted lines connecting black 
circles represent urinarj* flow during 'slow’ 
infusions, the average rate of which is rep- 
resented by the horizontal line i » 0.586 
cc/min. A, 3 cases; B, 7 cases, and C, 4 cases. 



cretion rate in micro-equivalents per minute). Calcium excretion rates were not 
shown to be signifiGantly higher with ‘fast' rates of fluid intake (or, therefore, with 
greater urinary flow) than with ‘slow’ rates. In figures 5 and 6 the rates of e.xcrction 
of different ions are expressed as a percentage of the pre-infusion rate of excretion 
(100%) of the control hour. Pertinent information from these graphs may be sum- 
marized as follows: 

jr) Ca c-xcrclion increases as Ca intake (and Ca load) increases, with no significant differences 
attributable to tlie anion. 

z) During infusion, Cl c.\crelion increases with incrc-ise of Cl intake; not with incre.asc of water 
or gluconate (or, therefore, of Ca). 

3) Mg c.\crclion appears to increase .as Uie load of Ca increases and to decrease as tlic load of 
water increases. Wlicrc water alone is given rapidly Mg output decreases and where Ca is given with 
little water. Mg output incre.ascs. The two factors oppose each other to the extent that where botli 
Ca and water arc given rapidly ('fast’ C), no significant change in Mg excretion occurs, 

4) Na excretion is specifically increased by high Ca intake, by Uie sth hour. It is decreased by 
infusions containing no Ca. 
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5) Iv c.vcretioii is not specifically <lccro3!;Cfl In- 0 $ inlal.'f:,’ it fails si^rii/lcanUy dunn^; itifuihris 
of FolulioiiB with tnc'-liiin) or 7.cro C;t, However, hifjh Ca {ends to oppice in latter perio;!? ilic dixrcaxs'J 
Jv excretion wlifdi niiglit othenvisc occurd 

0 J’04 o!itp\it i;> significantly tlt'creaftd both hy increaswl -.vater intake ami liy increscr] Ca 
intake. The effects arc not synergistic. 

y) SO* c.tcrclion is not signific-'inily affected by citb.cr water or Ckt intaV.c. 

Table 3 prcscnL<t some comjiulaiion.': v.-lnch should yield the volume of distri- 
bution of Ca if the conditions set forth by Domingucx (t r) and Crandall and Andcr- 
.son (12) obtained. Using large Ca loads and large plasma Ca increments, a volume 
of distribution for Ca of the order of 60 per cent of the body weight is calculated. The 
meaning of this result is not clear sance with lower or negative Ca loads calculations 
did not agree with those at high loads. Possibly the presence of high Ca in body fluids 
is conducive to singular results. A volume of distribution ol)taincd by mean.s of radio- 
active Ca would conceivably reveal still other volumes of distribution by computa- 
tion. 



Fig. 3. Rr.tATio;; or urik.\hv f>rc to 
dumtion of infusion (u'roe, hours). Solid lines 
represent ‘List’ infusions; interrupted lines 
represent ‘slow’ infusions. The \-alues of 
croups A and B combined differ significantly 
from groups C. See text for details. 


mscussiox 

Calcium and Water Excrcliou. Definiiiv'c relations between renal e.\crction of 
water and calcium liave never been drawn. Boekclraan and Staal (13) perceived no 
relation in man between urinary daws and the excretion of Ca or POt. Mendel and 
Benedict (8) reported some diuresis following intravenous injections of CaClj in dog 
and rabbit but no clear indication of a specific diuretic effect of Ca was given. Goffart 
and Brull (14) observed increased Ca c-vcrelion with water diuresis in dogs and our 
own results suggest such an effect (fig. 4) although it was not proved statistically 
significant. Licreased water intake, water load, and/or water e.\'cretion may augment 
the excretion of Ca butitappears from our data tbatincreased Ca intake, load, and/or 
Ca excretion do not effect increased urinary output of water. One purpose in carrying 
out Ca infusions at two different rates of water intake (the lower intake appro.ximately’’ 
set to maintain the dog in water balance tliroughout the experiment) was to eluci- 
date any specific diirretic effect of Ca which might exist independently of water load; 
none was found. However, instances wliere water load influences the action of given 

•* The ‘spedficity’ of Ca effects may be only relative. It is not shown tliat the dekalifying effect 
of ‘slow’ C infusions is not primarily or in part a consequence of tlie induced luTiertonidtj* of body 
fluids (s). 




August ip4p 


CALCIUM EXCRETION 


209 


diuretics abound, e.g., drugs of the caffein group act diui-etically in the dog when there 
is excess water present, and antiduretically in water deficit (15); mercurial diuretics 
are more effective in the presence of edematous water loads (16); and ‘osmotic’ 
diuretics lose specificity of action during water diuresis (17). 

Thresholds. Albright and Ellsworth (18) studied a case of idiopathic hypopara- 
thyroidism before and after the admim'stration of parathormone. They believed that 



Fig. 3. Relation between rates of excretion of Ca and Cl (uU, in micro-Eq/min.) and 
rates of intake of Ca (il, in micro Eq/min.), at the sth hour of infusion (‘slow’ and ‘fast’ series com- 
bined). Cl excretion (black circles) is plotted only for infusions of CaClj; Ca excretion (open circles) 
is plotted for infusions of both CaCl; and Ca gluconate. The diagonal passing through the origin 
represents equality of rates of excretion and intake (uU = il). See text for significance of minimal 
isorrlteic quantity (MIQ) and non-limiting isorrheic quantity (NLIQ). The Cl curve is a good fit through 
all points, including 2 not shonm on graph at high uU and high il values (see table 1). The Cl and Ca 
points at il = o are averages of 7 values. 

there was a threshold of excretion (appearance) for Ca at about 4.25 mEq/ 1 . since 
at serum levels above this, the urinary excretion of Ca suddenly increased. Their 
data indicate that urinary concentration of Ca generally exceeded the plasma con- 
centration of Ca when the latter was above normal values (i.e., approximately 5 
mEq/l.), which would further suggest the existence of a threshold of retention 
(9, 5) for Ca at about the normal plasma level. Parathyroid hormone has been 
supposed to exert a direct effect on Ca and PO4 excretion (19, 20-22) but this is 
considered less a renal effect than an extra-renal one since it depends on the action 
of the hormone in mobilizing Ca from body stores rather than on specific effects on 
tubular reabsorption of Ca or PO4. Brull (23) claims a direct action of parathormone in 
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lowering the threshold of in the dog since the hormone w.is found to increase the 
excretion of P 04 without raising llie plasma concentration of PO<. Our own data are 
consistent with the idea that Ca loads raise the threshold of POi since they induce 
decreased POi excretion along with atr increase (if any change) in plasma PO* level. 
Whether the formation of an unfdtcrahle colloidal congdex of calcium phosphate 
(2.^) is at the basis of this effect is unt established. 
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Scrum concentrations in mEq/l. in control period (Ao) and in middle of 5t]i hour of infusion 
(As). Other symbols as in tabic i. Upper scries of axperiments arc ‘slow’; lower series, ‘fast.’ 


\VIiile there may actually be a tlireshold of retention for Ca as suggested b}’’ tlie 
fact that concentration ratios (U/A) either greater or less than 1 are seen, our data 
indicate that there is, effectively, no such tlireshold. The tlireshold of retention for 
a substance expresses that regulator)’’ aspect of urinar)' function concerned witli main- 
taining the normal plasma concentration of the substance. When water is loaded on 
the body (‘fast’ intake) simultaneously with Ca, the urinary concentration of Ca is 
below that of the infusion fluid when the latter is above or even somewhat below tlie 
concurrent serum concentration. This indicates that even under the moderate physio- 
logical stress provided by loads of relative!)’- dilute solutions, there is no effective 
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renal regulation of plasma Ca, i.c., Ca is not excreted more rapidly than water, wlien 
that process is required if normal plasma concentration is to be restored. Unlike the 
case with Na or Cl wlien solutions of NaCl are given (s), there is no renal neutrali- 
zation of the intake factors tending to alter plasma Ca. Presumably the bones and 
other tissues are the prime regulators of plasma Ca, acting in one sense as emunclories. 
Mendel and Benedict (S) and McCancc and Widdowson (25) find little evidence that 
the gut removes parenteral Ca^ 

Isorrhcic Coucentraiiom and Isorrhcic Quantities. Na and Cl in the urine follow- 
ing steady infusions of NaCl solutions have been shown to possess critical isorrhcic 
concentrations, i.e., concentrations of urine or infusion fluid at which there is no 
relative retention of water to ion or ion to water, where the velocity constants of 



LcofmEq.) 


I'ig. 4. Rate of j:xcrf.tion of Cii at Ibc sih hour (uUca) as a function of tlic Ca load (Lca) 
at tlic end of the sth hour. Experiments include CaCl: and Ca gluconate. Although separate curves 
suggest some augmented Ca excretion at ‘fast’ ratlier tlmn ‘slow’ water int.akc (and therefore higher 
rather than lower urinary output) at given Ca loads, no significant differences were demonstrated 
between the ‘fast’ and ‘slow’ groups of data. Where Lca (in mEq.) is multiplied by 1000 (i.c., ex- 
pressed in micro-Eq.), the slope of the curves represents y, the velocity constant of c-xcrction of Ca 
(minute rate of excretion per unit load). 

excretion of water and of the ions are equal, and W’here urinary concentration equals 
infusion fluid concentration (7, 9), Renal regulation maintains normal plasma con- 
centrations of these substances and isorrhcic concentrations arc found whether or not 
equality of intake and output for tlicsc ions has been attained. Following intravenous 
administration of CaCh the kidney apparently docs not regulate plasma concentra- 
tions of these administered ions in the sense of restoring them to normal levels. The 
minimal and limiting isorrhcic concentrations for Ca, which may be identical (fig. 3), 
arc values less than its normal plasma concentration. They are not critical concentra- 
tions but depend on tlic rate of urine flow. Figure 3 shows, however, a minimal 
isorrhcic quantity (MIQ) for Ca at about 2 micro-equivalents per minute, represent- 

* It was suggested, but not proved, by Wolf (5) Uiat El had a threshold of retention in man since 
an occasional concentration ratio less than 1 was suspected. It has repeatedly been found in dogs with 
‘fast’ infusions that U/A ratios less tlian i can be obtained (tahlci i, 2) which would appear to 
establish a threshold of retention for K in the dog, although the c.\-lent to which this reflects renal 
regulation of K is not clear. 
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ing the lowest rate of Ca intaltc wliidi maybe maintained equal to thesimultancous rale 
of Ca’bicrction. Rates of Cn intake in e.vccss of Ibis value lead to accumulation of 
Cain the body without limit. Cl shows a MIQ of approximately 8 micro-equivalents 
per miniile and a mw-Iimilhif; isonhek qiiantUy (NLIQ) of the order of 70 micro- 
equiva'lfe'i'its per minute at which, again, tlie rates of intake and output of Cl are equal. 
Theoretically, regardless of the toxic manife.stations which might set in, it .should be 



Fig. 5. Rates of urcvarv excretion' of Ca, Mg, Na, PO<, K, and SOi (uUca, uUitp, etc 
respectively) as a function of the duration of infusion. Average rate of excredon at zero time is taken 
as 100% for all groups. Solid lines represent ‘fast’ infusions (see fig. i); interrupted lines represent 
‘slow’ infusions. Significant differences in excretion rates were demonstrated only in the following 
cases: Ca, combined C groups from o to slh hour; Mg, ‘fast’ A from o to combined 3rd, 4th, and sth 
hours, and ‘slow’ C from o to 5th hour; Na, combined C groups from end to sth hour, and ‘slow’ A 
from o to 5th hour; PO<, ‘fast’ combined A, B, and C from o to 5th hour, and ‘slow’ combined B and 
C from o to sth liour; K, ‘slow’ A from o to 5th hour, ‘slow’ C from 3rd to sth hour, ‘fast’ com- 
bined .‘1 and B from o to stli hour, and ‘slow’ and ‘fast’ C combined from o to end hour. 

possible to complete a sigmoid form for the Cl curveso that a Ih/nting isorrhde quantity 
(LIQ) could be shown, representing the maximal rate of intake of Cl above which the 
urinary output could not rise so high as the intake rate (i. c., the curve would again 
cross the diagnonal uU ~ il at a high il value. See fig. 3)®. 

The relative excretion rate of Cl with respect to Ca when CaCb is infused is 


^ The highest urinarj' Ca concentration we have found in the literature is S 3 niEq/i. reported 
for the dog by Jlendel and Benedict (26) and observed following injection of MgSO^. We discovered 
one urinary concentration of 75.7 mEq/ 1 . in a dog which had vomited from an infusion of CaClj. The 
next highest values were only of the order of 35 mEq/ 1 . The highest concentration ratio (U/A) for 
Ca we have found has been 4.99. Concentration ratios close to zero are common when urine flow is 
high whether or not Ca is being administered. Normally the concentration ratio is greater than i in 
man (27). 
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given by 7 ci/ 7 ca (s)- This ratio was always greater than i. Values greater than loo 
are common; yen is of the same order (e.g., 0.0004 min.""^) or of lesser magnitude than 
7c I when NaCl is given to dogs (7). 

Calcium and Other Electrolytes. Among our results relating to altered renal ex- 
cretion of electrolytes other than Ca, following Ca administration, the increased Mg 
excretion when water is not given in excess (fig. 5), is instructive. Mendel and Bene- 
dict (8) state that increased excretion of Mg accompanied increased excretion of Ca 
following priming doses of intravenous CaCla solutions. Some of the results shown m 
figure 5 confirm this. With regard to the apparently antagonistic action of positive 
water and Ca loads on the excretion of Mg, it is clear that the principle of ‘washing 


Fig. 6. Rate of urinary excretion 
of chloride (uUci) as a function of the dura- 
tion of infusion of CaCls. Average rate of 
excretion at zero time is taken as 100% for 
all groups. Solid lines represent ‘fast’ in- 
fusions (see fig. i); interrupted lines represent 
‘slow* infusions. The combined C groups show 
statistically significant differences in excre- 
tion rates between ist and 5th hours. Curves 
relating uUci to time for Ca gluconate in- 
fusions (not shown) all closely resemble A 
and lower B curves, but significant decreases 
in Cl excretion were demonstrated for glu- 
conate infusions for combined B and C groups 
from o to 4th hour. 



out’ of substances when urine flows are high does not apply. Although no significant 
changes in serum Mg were revealed in our experiments, it may be that the presence 
of a load of water in the body brings the plasma concentration of- Mg below the 
threshold of retention so that Mg woifld tend to be excreted less readily. However, 
the specific effect of Ca on Mg excretion where water load is not increased remains 
unexplained. 

Under the conditions of our experiments Ca promotes mcreased excretion of Na 
but not of Cl; Ca gluconate and CaCl2 both bring about the former but the gluconate 
does not increase the excretion of Cl. 

An interesting phenomenon seen in figures 5 and 6 is the initial drop in excre- 
tion rate for certain substances (Cl, Na, K) preceding a later rise. Not all of these 
initial falls were demonstrably significant by statistical methods in these experiments 
but failure to demonstrate significance in a given number of trials does not militate 
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against the suggestion that, tlic actual data charactemc a fuiKlamental phenomenon. 
Wiictiier this c/Tcct is {tcculiar to the manner in which the present cx|K;riments were 
conducted or would l)c foutid under somewhat different conditions has not ])cen 
decided. Results obtained under these conditions, c.'cccpt tliat the duration of the 
experiments be shorter, might lead an investigator to draw a5)})arent1y antithetical 
conclusions. When loads of .substance.s are added to the organism, the lime during 
which tiicy net or decay is not yet accounted for by current sinudified theories of 
renal function based on initial renal rt'Si>onse3. 

Little systemic acidifying effect of intravenous CaCl; was observed .such as is 
seen following ora! administration (aS) nor was any .«ys{cmic alkalinixing effect 
observed with Ca gluconate as rcjmrted by Lecoq (29). Ifowcver, both types of Ca 
salt apparently favor the excretion of an acid urine (fig. 2). TJie mechanism of such 
acidification following intravenous CaCl; of group C is probably different from tliat 
of oral administration since in tlic former ease there is a loss of C! and a retention of 


TAni.t; s 


i:Kri:R. no. 

bCa 

(\ - A’^Ca 

b 

B.W. 1 

b*ieo 

11 .W. 


16.6 

1-33 

12. 5 

I 

19.0 1 

65*7 

26 

tS.3 

1.62 

n .3 

-5-S i 

44-5 

=7 

17.2 

I. i(j 

r 4.5 

15, S 

pi-S 

3 S 

22.6 

2-55 

s.sr 

17.2 I 

SI. 6 

28 

33-4 

3 . 14 

10.6 

tg.o 1 

SO.o 


Volumes of distrilnilion, 1), in liter.?, calcul.alcd from pl.isma Ca increments in mEo/l., by 
the end of die 5th hour (A't — .Adca- Load of c.alcium, Lci, in niEq. The volume of distrifiu- 
lion as a pcrccnl.agc of the body '.vcight in kg. is given in the column licadcd h-ioo/B.W. 


Ca whereas in tlie latter case there may be a retention of Cl but little increment in 
body Ca. 


SUiLMlRY AND CON'CLUSIOXS 

Dogs receiving steady intravenous infusions of CaCb or Ca gluconate for 5 hours 
showed no specific diuretic responses traceable to the amount or rate of Ca adminis- 
tration. 

Urinary pii tended to be lower following large doses of administered Ca than 
following small doses of Ca or wlicn no Ca was infused. No significant effect of CaCb 
or Ca gluconate on alkaline reserve was found. 

When CaCls was given intravcnouslj’', the velocity constant of excretion of Ca 
was much smaller than that of Cl and was of the same magnitude or less than the 
velocit)'’ constant of Cl when NaCI was given. Negative loads of Cl may be produced 
wJien CaCIj is given. 

Under the conditions of tliese experiments there is no effective threshold of re- 
tention for Ca, and plasma concentrations of this ion are apparently not regulated 
exteusively by renal function. Relative retention of Ca to water occurs evenwhensome 
solutions less concentrated than plasma Ca arc administered. Minimal isorrheic 
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quantities for Ca and Cl were found to be 2 and 8 micro-equivalents per minute, 
respectively. A non-limiting isorrheic quantity for Cl was found at approximately 
70 micro-equivalents per minute. Specific effects of Ca infusion on the excretion of 
other electrolytes were found, notably on Mg, Na, K, and PO4. The highest con- 
centration ratio foxmd for Ca was 4.99; the highest individual urmary concentration 
of Ca was 75,7 milliequivalents per liter. 
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EFFECT OF UREA DIURESIS ON RENAL EXCRETION OF 

ELECTROLA^TES* 

GILBERT H. iMUDGE*. JAMES FOULKS asd ALFRED GILMAN 
With the tcdmical assistance of Jkan* Wes*k and An^'E Eberhardt 

From the Dcparlmeitl of Pharmocolopyy CoUepc of Physicians and Surgeons, Colutnhia 

Unhersily 

KEW YORK cir\ 

AN ACCURATE description of the intrinsic renal mechanisms involved in 
Zjk the cx’cretion of sodium has I)ccn difikult to obtain bcaiusc of the errors in- 
JL JL herent in the available experimental technics. Measurements reveal that 
less than one per cent of the filtered sodium is excreted by man in the normal stale 
of fluid and electrolyte balance (i). An}- attempt to define x'ariations of sodium excre- 
tion in terms of changes in renal blood flow, glomerular filtration rale or tubular 
activity, would, of necessity, require analytical and expcrimenlnl jirocedures with a 
combined error of less than one per cent. As such an accuracy is not readily obtain- 
able in the study of the normal slate, it is difliuclt if not imjwssible to distinguish 
between analytical errors and physiological variations in calculations designed to 
show changes in the intrinsic renal processes. 

It was therefore thought that useful information might be obtained by studying 
electrolyte excretion during severe osmotic diuresis, utiliaing the clearance technics 
at present available. Under such circumstances, the combined technical errors would 
be relativ'cly small if large changes in water and electrolyte excretion were demon- 
strated, thus permitting a quantitative description of the interrelationships of the 
changes observ'cd. E.xpcriments were performed on dogs subjected to extreme diuresis 
by the intravenous administration of 50 per cent urea solutions. The results obtained 
seemed to justify the c.xpcrimcnta! procedure as they uniformly revealed phenomena 
interpreted as showing that sodium is reabsorbed by an active process in the proximal 
tubule, and that water back diffuses as a result of the osmotic gradient thereby es- 
tablished. In independent studies on mannitol diuresis in the dog, Wesson and .Anslow 
(2) have come to a similar conclusion regarding the nature of the reabsorption of 
sodium. However, certain difTerences in the interpretations of the results of the 
two studies will be discussed. 


ANALYTICAL METHODS 

Creatinine was determined by the method of Folin and Wu (3) with an Evelyn 
colorimeter. An internal standard flame photometer (4) with an accuracy of one per 
cent was used for the analysis of sodium and potassium. Urea was determined by the 

Received for publication March 14, 1949. 
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urease, aeration and titration method (5). Because of the high concentrations of urea 
no pre-aeration was used to correct for ammonia. Chloride was determined by a modi- 
fied Volhard titration (6) ; inorganic phosphate by the method of Fiske and SubbaRow 
(7); and bicarbonate by the method of Van Slyke (8) on blood and mine collected 
under mineral oil. 

EXPERIMENTAL PROCEDURE 

Because of the natme of the experiments, dogs anesthetized with pentobarbital 
were used and, with the exception of two animals, \vere killed at the end of the ex- 
periment. The dogs were healthy male or female mongrels which had been fed on a high 
carbohydrate stock diet. Each experiment was preceded by an 18-hour fast during 
which the dogs ivere allowed free access to ivater. Urine was collected quantitatively 
over 20-minute periods by catheterization of female dogs and suprapubic cystotomy 
in males. Venous blood was taken in oiled s3nrmges. Sodium oxalate was used as an 
anticoagulant for obtaining plasma for determinations of urea, creatinine and chloride. 
Blood samples w^ere allowed to clot under oil and the serum was used for the de- 
termination of sodium and potassium. High concentrations of urea were rarel}'^ asso- 
ciated with slight hemolysis^, but this did not alter the determination significantly. 
Fluids were administered by infusion into the jugular vein. 

Priming doses of creatinine (5 cc/kg.) in 5 per cent solutions were administered 
one half hour before observations ivere started. Plasma creatinine levels were main- 
tained by continuous intravenous infusion. All animals were also primed with 2 per 
cent sodium chloride in water (30® cc/kg. body weight) and during the control periods 
infused with 1.5 per cent sodium chloride solution in quantities equal to urine flow. 
After the control periods, 50 per cent urea solution in saline was administered at a 
constant rate for each animal, varying from i to 4 cc. per minute. When the urea was 
administered the sustaining solution was changed to 0.9 per cent sodium chloride in 
water and urine volume was balanced by this infusion for the duration of the experi- 
ment. In 3 experiments low filtration rates were inadvertently obtained due to an 
untoward reaction to the priming dose of creatinine. 

CALCULATIONS AND ABBREVIATIONS 

Clearances were calculated from the mid-point plasma concentration and no correction was 
made for dead-space time because of the high rates of urine flow. 

I- (S)Na] f Sodium 1 

(S)k r Serum concentration of t Potassium >milli-osmols per liter (mosii/l.) 

(S)a J lUrea ) 

2. (F)Na] 

(F)k [Concentration of the respective substances in the glomerular filtrate. 

(F)u J _ 

Because corrections for serum water were not made, a small systematic error has been intro- 
duced into all calculations. The filtrate concentration of non-electrolytes was considered to be iden- 
tical to serum. An average Donnan correction of 5 per cent was used for electrolytes. 

3. (U)Nal 

(U)k [urine concentrations of sodium, potassium and urea etc., mosii/ 1 . 

(U)u J 

® It is probable that the 50% urea infusion did not cause hemolysis because it was administered 
along with a large volume of the sustaining saline infusion. 
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Vch/nie rji' 


K. 


V — minute urine volume (cc/min.), dr.nrancc of v,7iter (C,). 

(U)*V 

— Renal clearance of substance X, ml. of plasma or serum per minute. 


TO. 


TT. 


(PK 

Ci/Ctt — ratio of the simultaneously rielcrmincrl clearance of subst.anceX to the crc.atininc 
clc.nrancc, Uic latter being used as a mt.i.surcmcnt of glonuTuIar filtraiwn rate (Cj). 

7. Cfr — V » Wn, water reabsorbed, ml. per minute. 

(F)xCcr ~ (U)rV ra Xn, amount of substance X rcabsori;cd per minute c.tprcis«l in mosy. 
p. Xn/VVn (R)x concentration of substance X in rcabsorbatc, mosu/ 1 . 

[(r).v» X 2I + {F)u concentration in tbc filtrate of substances exerting an osmotic 

pressure, mosxf/l. 

I(U)k. X 2l + ( 0 )u«(UU, total concentration of substances in ibcttrinccxcrlingan os.motic 
pressure, mosii/1. 

In reference to equations 10 and ti, the total osmotic {irc.'Uitirc lias been cilcubxtcd as twice the 
sum of the Na concentration plus Uicurca concentration. Certain sm.all errors have been neglected, 
n.imcly r) filtrate concentration of glucose and other non-electrolytes; ?) scrum concentration of 
water; j) concentrations of cations other Uian Na;* 4) concentrations of non-monovalcnt anions. 
Factors r and 2 were c.s5cntially constant. Factors 3 and 4 contribute a very small moiety to the 
total osmotic pressure of the urine during osmotic diurc.sis. Tbc osmotic pressure as calculated, there- 
fore, gives a first approximation of .sufficient accuracy to warrant the calculations and conclusions 
made. 


to. The ainounl of sodium reabsorbed per ico ml. of glomerular filtrate v.ascatculited 
too « NaU/too Ccr 


Nan 

Ccr 


X 


HKSUl.TS .ANP DISCUSSION 

Titc oliservations reported arc based on 15 cxpcrimcnl.s comprising 123 clearance 
periods. 

Glomenihr FUlralion Rate. Control Cr averaged 4.9 cc/min/kg. body weight, 
with a range from 3.0 to 7.0. This docs not differ significantly from the mean normal 
value reported by Houck (9) of 4.29 cc/min/kg. body weight with a range of 2.15 
to 8.32, as determined in trained unanesthetized dogs. Although a slight fall in Cf re- 
sulting from the anesthesia and surgical trauma may have been masked b}* the prim- 
ing dose of hypertonic saline, it is apparent that Cr was essentially normal at the 
start of each experiment. Values of (S)u up to 100 mosM/ 1 . were associated with no 
change in Cf (average change — 2 per cent), whereas at higher levels a decrease in Cf 
was observed. Although the depression of Cr was not studied specificall}’', it seems 
reasonable to attribute it to a fall in cardiac output and renal plasma flow due to 
toxic concentrations of urea. Dehydration was not a factor as urine volume was 
balanced by the infusion of equal amounts of isotonic saline. 

Osmotic Pressure of the Urine. Priming with hjqiertonic saline resulted, with but 
a single exception, in a hypertonic urine referable to (U)nh as well as (U)ojm. Urea 
diuresis produced a uniform pattern of response. As would be e.xpected the CF)(5 sm 
progressively rose during the course of the urea infusion. However, during the initial 
periods of urea administration the (U)osm fell to become essentially isosmotic with 
the filtrate. Thereafter, (U)osm and (R)osm rose with the (F)o»m and all tliree remained 

* K was original!}' included in this calculation, but subsequently was not considered because of 
the undetermined nature of the mechanism of K secretion. TJic c.xcIusion of K from the calculation 
does not alter the results significantly. 
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essentially isosmotic (fig. i). In the final periods of 6 experiments the urine became 
hypo-osmotic to the filtrate. Definite conclusions cannot be drawn in the absence of 
direct measurements of osmotic pressure, but the data obtained suggest that hypo- 
osmotic urines can result from osmotic diuresis associated with an abnormally high 
osmotic pressure in the serum and presumably maximal posterior pituitary activ- 
ity. To explain this, it may be postulated that the reabsorption of osmotically active 
agents occurs at a faster rate than the reabsorption of water, and that at high rates of 
urine flow insufficient time has elapsed for the slower process to reach osmotic equilib- 
rium. 
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Fig. I. ErrECT of urea diuresis on ratio of osmotic pressure of urine to plasma. 


The production of hyperosmotic urines requires the tubular reabsorption of 
water in excess of solute, and calculations were made to define this quantity expressed 
as water reabsorbed without solute. The average values were i.8 cc. per minute for 
the control periods, and 2.9 cc. per minute for the periods of maximal diuresis, all 
hypo-osmotic urines being excluded from the averaged values. As the total osmotic 
pressure rises, the analytical error is magnified in the calculations as presented, and the 
difference between the control and diuresis values cannot be considered significant. 
It is evident, however, that at normal or low rates of urine flow the production of a 
maximally concentrated urine would require the reabsorption of only small amounts 
of water free of solute. This limited capacity of the distal tubule would explain the 
formation of essentially isosmotic urines in the presence of large osmotic loads. 
Similar conclusions have been drawn from observations made in man during hydro- 
penia (10) and osmotic diuresis (ii). Such a calculation of distal function assumes 
that proximal reabsorption is isosmotic. The fact that essentially isosmotic urines 
were produced under the conditions of these experiments is taken as experimental 
evidence of the validity of this concept and is in agreement with the results obtained 
b}'’ the micro-puncture technique (12), 
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Electrolyte Excretion. 'I'lie renal excretion of Na*^^, K® and Cl were studied in all 
experiments. The results of two representative exf)eriments arc given in table i and 
figure 2. A uniform pattern of response was observed in every cxjKiriment. In the 
control periods (U)Na was In'pcrtonic to (IO.vr- As diuresis progres.'^cd (LOr.-a fell below 


Tabi.!'. ja 


vzMiov) 

Cr 

V 

W,, 

o;;rr ttiur.sojmstD 

! Ka 

; Sr-Af,- 
: sojfRru 

[ 

i room!. 

1 ^^2 

tff 

CTVD- 

WB 

SATtO 

j HtO 

1 RITAIi* 

'mrttnvx 
; soten: 

n:0 

Xft 

a 

L'f(3 



tr/nin. 






i 

\ 


J cc/nin. 

I 

73.6 

3.9 

68 . 7 

94.6 

92.7 

93,0 

J5.9 

23.7 

2,49 

2-9 

2 

So.o 

4.0 

76.0 

9 S -0 

92.3 

91.0 

1S.7 

l .?-4 

I.6S 

3.7 

•10% urea infusion .started at 

3 ml/min. 



1 

1 


' 

3 

71.7 

6.0 

65.7 

9 i*S 

Qt.3 

90.3 

5.7 

23.3 

2-57 

3' 4 

4 

66.3 

14.0 

S 2-3 

78.9 

85.5 

81.3 

5-8 

12.7 

i.li 

2.7 

5 

7^*3 

33.9 

48.4 

68. s 

74.7 

71.0 

10. 0 

It . 7 

X.C9 

3.1 

6 

70.6 

sS. 7 

41.9 

59-6 

66. S 

63.7 

7.9 

; 10.6 

1.09 

3.6 

7 

66 . 3 

3 t.i 

35.1 

53-1 

(>2.(> 

59-8 

5-3 

10.3 

1.06 

i 2.9 

S 

61.0 

38 . S 

32.2 

52.8 

65.6 

63,9 

22.5 

' JO, 6 

' 

0.99 

- 0.3 


Dog I. i8.o kg. Consecutive clearance periods of so minutes each. For abbreviations scetc-xt. 
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rtRioo 

riLTRATT 

ukii.t: 

READSOERATE 

N.a 

Cl 

Urea 

TotaB 

Ka 

Cl 

Urea 

Tolal 

Xa 

a 

Urea 

Total 



ntasi!/l. 



nesi[/l. 



rreiJt,'/. 


X 

148 

133 

3.6 

299 


295 

40 

444 

245 

129 

0 23 

290 

2 

245 

131 


294 


210 

42 

494 

242 

126 

0.51 

2S3 

3 

245 

131 

16.8 

307 

147 

149 

1S7 

4S1 

245 

120 

2.04 

292 

4 

149 

237 

38. 1 

336 

104 

1 22 

170 

378 

161 

141 

3.77 

326 

5 

156 

245 

53-7 

366 

123 

230 

151 

397 

272 

252 

7. 85 

35 - 

6 

25S 

149 

72.0 

388 

129 

233 

164 

432 

2 78 

160 

9-: 5 

366 

7 

160 

252 

89. 0 

409 

223 

1 28 

279 

425 

102 

170 

8. So 

595 

S 

163 

ISS 

100.0 

424 

118 

122 

i86 

422 

20 X 

1S5 

C 3.6 

4:6 


* See text for calculation of total osmotic pressure. 


(F)Na and more of the filtered water than of the filtered sodium was e.xcreted Itdien 
the results are calculated in terms of the reabsorbate it is seen that (R)xa e.xcceded 
(F)Na and that the difference in these concentrations, (R-F)n„, was approximately 
proportional to (S)u (fig. 3). Individual e.xperimcnts showed a more linear relationship 
than indicated in figure 3 and the scatter of the massed plots may be attributed to 

' Throughout this paper the excretion of Na and accompanying anion will be presented in terms 
of Na alone without the implication that tlie reabsorptive mechanism for Na is primarj' and for anion 
secondary. 

® The studies of potassium revealed a tubular sccretorj'' mechanism. A preliminarj' paper has 
been published (13). Further studies are in progress and will be reported subsequently. 
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variations in the degree of urine hypertonicity and the extent to which urea was re- 
absorbed. 

The abUity of the kidney to produce reabsorbate that is h}T)ertonic with respect 
to Na has been attributed to the absence of the antidiuretic hormone (14), but was 
subsequently noted with osmotic diuresis (15). The present experiments extend these 



Fig. 2. Electrolyte clearances during urea diuresis. 


observ’-ations to higher rates of excretion, and/ as subsequently discussed, localize 
the process to the proximal tubule. The reabsorption of Na can therefore occur against 
a concentration gradient, indicating that Na is reabsorbed by an active metabolic 
process and not by diffusion in response to concentration gradients established by 
movements of water. The fact that the filtrate, reabsorbate and urine became essen- 
tially isosmotic in the presence of marked differences in the respective concentra- 
tions of osmotically active components indicates that water is reabsorbed by back 
diffusion under the conditions of these experiments. 

Previous calculations (16) have suggested that the major portion of the glomeru- 
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lar filtrate is reabsorbed in the proximal tubule ami a variable percentage oi the 
remainder is reabsorbed more distally. It is obvious that the magnitude of osmotic 
diuresis is such that any simple percentile analysis of proximal and distal functions is 



Fig. 3. Retationsiup of cONCENT}e\TiON of sodium in rcabsorbatc and filtrate to serum ure.n. 
R-FKa is tbe sodium concentration in tlie rcabsorbate minus the sodium concentration in the filtrate. 
The relationship obtained during urea diuresis is not significantly altered by the administration of a 
mercurial diuretic. ' 


impossible. The important question remains as to wliether or not diuresis per se pro- 
duces so large an intersegmental imbalance that distal function becomes ineffective 
in absolute terms. A relative diminution of distal function is exndcnt from the above 
data on osmotic pressure which showed tliat the volume of water removed free of 
solute remains small and essentially constant despite wide variations in urine flow. 
The relative importance of this reabsorption graduall}’’ decreases as urine volume in- 
creases and voided urines become isosmotic. If a similar reasoning is applied to 
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the rcEbsorption of hTa, it may be said that, even, though the total reabsorptive capac- 
ity of the distal tubule is unknown, its relative unportance in determining the char- 
acteristics of the voided urme certainly decreases with forced diuresis. It is therefore 
reasonable to attribute the phenomena observed to activities of the more proximally 
located tubular cells. This interpretation is in agreement with the independent ob- 
servations of Wesson and Anslow on mannitol diuresis (2). However, it must be 
emphasized that this concept represents only a reasonable interpretation of the 
available data in as much as there is no conclusive proof that distal activity has not 
changed in the presence of increased loads. 

The question remains as to why the absolute amount of excreted sodium in- 
creases under the influence of a non-electrolyte osmotic diuretic. If sodium is actively 
reabsorbed proximally, why doesn’t this process remove essentially all the Na from 
the proximal urine, delivering an isosmotic fluid to the distal tubule with urea as 
the major osmotic component? The increased Na excretion does not result from an 
increase in (S)Na. In the above experiments (S)Na was normal or elevated and in the 
experiments of Wesson and Anslow a similar increase in Na excretion was observed 
while (S)Na was falling sharply. A specific nephrotoxic action of urea seems unlikely 
because of the comparable effects of glucose (14, 17, 18) and mannitol, and because 
the effect of urea was a graded response developing with relatively slight elevations of 

(S)u. 

An insight into the possible mechanisms whereby the reabsorption of Na is 
diminished is obtained by a comparison of saline and urea diuresis. In table 2 are 
depicted theresults of a pair of e.xperiments in which final Cp and (F)Na are comparable. 
The amount of Na reabsorbed, expressed as mEq/ioo ml. of filtrate, remains rel- 
atively constant with saline but decreases sharply with urea diuresis. In saline diuresis 
Na (and accompanying anions) is the major component contributing to the osmotic 
pressure of the filtrate. Therefore as Na is actively reabsorbed and water back diffuses 
the Na concentration of the tubular urine remains essentially unchanged. In urea 
diuresis the Na concentration of the filtrate, although the same in absolute terms, 
contributes a smaller moiety to the total osmotic pressiure. Therefore when Na is 
reabsorbed less water back diffuses to maintain osmotic equilibrium. Consequently 
the concentration of Na in the reabsorbate is higher than that of the filtrate and the 
Na concentration in the tubular urine falls progressively along the length of the 
proximal tubule. This suggests the possibility that the rate of reabsorption may be 
partly determined by the concentration of Na in the tubular urine and by the length 
of time that a given concentration prevails. 

Wesson and Anslow (2) reached a somewhat similar conclusion from their 
studies, but believed that the proximal reabsorption of Na was arrested by a limiting 
concentration gradient. This gradient was obtained when the difference between 
plasma and urine Na concentration, (F — U)m, reached a value of 60 to 90 mEq/ 1 . 
We do not believe that the results of forced diuresis experiments warrant this con- 
clusion for the following reasons, j) There is no apparent upper limit to the concentra- 
tion differences developed between filtrate and reabsorbate (Fig. 3). 2) The value of 
(p _ xj)Na obtained in our experiments, although relatively constant for short time 
intervals, varied widely in single experiments and from animal to animal. 5) During 
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periods of maximal diuresis it was evident that this value varied inversely with 
fluctuation in Cp, indicating that with lowered Na load.s more complete rcabsorption 
of Na occurred even in the presence of isosmotic urine.s. ./) During osmotic diuresis 
tubular rcabsorption of Na ap])ears to l>c reduced by the exposure of a large seg- 
ment of the tubule to urine of lowered Na concentration. 

The experiments on forced diuresis obviously do not define the relative rcab- 
sorptive capacities of the proximal and distal tubule under norma! conditions. 
Nevertheless, the results certainly do not invalidate the {xi.ssibilily that almost com- 
plete rcabsorption might occur proximaily under conditions of reduced load, under 


Tabu; 2. Comparison* of sodium nnABsoRpnoN* durixc ueka avd mvp , rs ~ f?i 
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which circumstances the lower portions of the proximal tubule might be e.\'posed to 
small volumes of residual tubular urine of low Na concentration and the isotonicity 
of the urine might be maintained by other un-reabsorbed components of tlie filtrate, 
mainly urea. 

Miscellaneous Obscrvalions. The following incidental observations are briefly re- 
ported, all values being given for periods of maximum diuresis. In the 4 experiments 
in which measurements were made there was no evidence of glucose appearing in the 
urine when the urme volume was as much as 53 per cent of the filtrate. Urine ^11 av- 
eraged 6.9 in one experiment in which urines were collected anaerobically, and approx- 
imated 7 in 4 other e.xperiments. Bicarbonate clearance averaged 14 to 19 per cent of 
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Cf in one experiment, serum bicarbonate being 174 to 21 mEq/ 1 . Low bicarbonate 
clearances have been reported in mannitol diuresis which also were associated with 
low serum bicarbonate concentrations (2). Phosphate clearances varied from 18 to 29 
per cent and from 22 to 38 per cent of Cf in two experiments, in both instances being 
associated with an elevation of serum phosphorus to approximately twice the control 
value. In a third experiment the urine became phosphate free as diuresis increased, 
serum phosphate remaining constant. Chloride determinations were done in all exper- 
iments, and Cci paralleled C^a in all periods. 

Inasmuch as all animals were studied under the influence of a NaCl load, a mild 
high-chloride acidosis must have existed in each experiment. Under these conditions, 
the high excretion of chloride and the formation of a urine more acid than plasma are 
not unexpected. The low clearance of bicarbonate was associated with an isosmotic 
urine, suggesting that bicarbonate reabsorption in relative excess of water and chlo- 
ride reabsorption occurred in the proximal tubule. This interpretation is compatible 
with observations obtained from the micropuncture studies of mammalian tubules 
(12) in which a chloride U/P ratio of r.4 was found in the first half of the proximal 
tubule. 

EJ’ect of Mercurial Diurclics. In 6 experiments mercurial diuretics^ were adminis- 
tered during urea diuresis. Due to the concomitant variations in Cf, (S)Na and (S)u 
a quantitative analysis of the mercurial action can not be obtained. However, in every 
instance the mercurials markedly increased (U)Na and (U)NnV. In the experiment 
depicted in figure 4 (S)Na and (S)u were relatively constant and Cf fell slightly. Despite 
the decrease in sodium load, the effect of the mercurial on the reabsorption of sodium 
is obvious. Considering these results in terms of the previously stated premise that 
during severe osmotic diuresis the relative role of the distal tubule is small, the pre- 
dominant action of the mercurials appears to be on the proximal tubule. The mercurial 
diuretics do not significantly effect (R — F)nb as shown in figure 3. This indicates 
that in the presence of a mercurial diuretic the process of the proximal tubular re- 
absorption of sodium remains one of active transfer, but reabsorptive capacity is 
depressed.® 

Urea Clearance. Previous studies have shown that urea is e.xcreted by filtration 
and back diffusion (19). The present observations, made at high serum urea con- 
centrations, are in essential agreement with this concept. An analysis of those 
periods in which Cf is maintained within 85 per cent of the control value shows that 
the clearances of urea and water increase concomitantly. The massed data fall on a 
curve almost identical to that published by Shannon (19). In prolonged experiments 
with declining Cf, however, this relationship does not persist, Cu/Cf falling pro- 
gressively despite a further decrease in the U/P creatinine ratio. This maybe seen 

^ I or 2 ml. of ‘Mercupurin’ or ‘Salyrgan’ were given intravenously. We are indebted to Dr. 
M. L. Tainter of the Winthrop Chemical Co. for the ‘Salyrgan’ used in these studies. 

® Since this manuscript was submitted, Duggan, J. J. and R. F. Pitts {Federation Proc. 8: 37, 
1949) have presented evidence that mercurials, given during a saline diuresis, inhibit the reahsorption 
of a maximum of 1500 /:tEq of Na per minute, or about 16% of the amount filtered, indicating a distal 
site of action. In 2 experiments with urea diuresis, in which the filtered loads of both Na and urea re- 
mained constant, the increase in Na excretion was 2550 and 2130 /xEq/minute, representing 21 and 
28% of the filtered load. It is evident that the apparent maximal effect of mercurial diuretics may de- 
pend upon the experimental conditions. 
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in figure i. Prcsuinabl}', when decreased amount.^ of filtrate are delivered to each 
nephron there is an increase in the duration of time tubular urine rcmfun.s in contact 
witli the tubular cells. This v.-ould enable more urea to diffuse bad: even though tlic 
progressive fall in the U/P creatinine ratio results in a decreasing concentration 
gradient referable to urea. The increased rcabsorplion of urea at high (S)u and lower 
Cf values contributes significantly to the osmotic pressure of llic reabsorbatc and 
lowers the value (R ~ F)^^. This partially c,':i)lains why the plots in figure deviate 
from a linear relationship. 
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Fig. 4. Errecr or aujukistkation' of a nicrcuri.al diuretic during a urea diuresis showing an 
increased sodium c.Tcrction with constant scrum urea levels and sh’ghtly falling filtered sodium loads. 


J?e/ial JFor/^. The conventional calculations of renal work have followed a strict 
application of thermodynamic principles (ii, 20, 21). These consider the initial 
plasma concentration of a given substance, the final urmc concentration, and the 
amount excreted per unit time, and state that energj’- is expended b}* the kidney if the 
urine concentration of a given substance is higher than that of the plasma, and con- 
versely energy is made available to the kidney if the urine concentration is less than 
that of the plasma. TJie paradox of measuring the work of certain biological processes 
in thermodynamic units becomes apparent when renal reabsorptive mechanisms are 
analyzed. By far the greatest part of Na reabsorption is isosmotic and the U/P ratio 
of Na remains essentially unchanged. Tlicrefore to satisfy a thermodynamic equilib- 
rium the energ}^ expended in tlie active transfer of Na would have to be regained by 
the passive diffusion of water. This would appear to be unreasonable. An additional 
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inconsistency is revealed by an analysis of tlie above experiments. Na was excreted 
in a lower concentration than it exists in the plasma and according to thermodynamic 
concepts there was a gain in energy and the kidney was doing no work referable to Na 
excretion. However, if the tubular process is examined it is seen that Nawas reabsorbed 
from the low concentration of the tubular urine to either the high concentration of the 
plasma or the even higher concentration of the reabsorbate. In either case the tubular 
cells were transferring Na from a low concentration to a higher one and thus performing 
work referable to Na excretion. Therefore the kidney either gained or consumed energ}-- 
in excreting Na depending upon the point of view from which the same process is 
analyzed. It is obvious therefore that the analysis of the work of the kidney in terms 
of initial and final solute concentrations yields results which are misleading and are 
quite unrelated to the observed biological phenomena. 

SUMMARY AND CONCLUSIONS 

Extreme degrees of osmotic diuresis were produced in anesthetized dogs by the 
intravenous infusion of a solution of 50 per cent urea sufificiently rapidly to produce 
plasma concentrations of urea in excess of 100 mosM/ 1 . within a period of a few hours. 
Water balance was maintained by infusing solutions of NaCl at a rate commensurate 
with urine flow. By this technic glomerular filtration rate was maintained at or near 
control levels until depressed by inordinately high concentrations of urea. The 
animals showed the following responses: 

Urine flow progessively increased and in many experiments reached 50 per cent 
of the glomerular filtration rate. At high rates of flow the urine became approximately 
isosmotic with the blood which indicated the functional incapacity of the distal 
tubule to alter significantly the composition of the large volume of filtrate it received. 
Thus differences between the composition of the glomerular filtrate and the formed 
urine were interpreted as largely the result of activity of the proximal tubule. 

The tubular reabsorbate was isosmotic and, since only small amounts of urea 
were reabsorbed, sodium salts provided the major osmotic constituent of the re- 
absorbate. This resulted in a sodium concentration of the reabsorbate greatly in ex- 
cess of that of the filtrate or plasma. A concentration gradient relative to sodium be- 
tween proximal tubular filtrate and reabsorbate indicates an active transfer of sodium 
by proximal tubular cells. The isotonicity of the formed urine is readily explained by 
the back diffusion of water due to the osmotic gradient created by the transfer of 
sodium. 

iThe presence of urea in the proximal tubifle greatly diminishes the reabsorption 
of sodium even though the sodium load remains constant. Arguments are presented 
which favor the -vdew that total sodium reabsorption is decreased because of the 
continuous fall in proximal tubular sodium concentration as each increment of the 
glomerular filtrate is reabsorbed, a condition which only applies in the presence of 
an osmotic diuretic. 

The administration of a mercurial diuretic at the height of urea diuresis further 
decreases the tubular reabsorption of sodium but does not alter the concentration 
gradient relative to sodium between tubular urine and reabsorbate. This indicates 
that mercurial diuretics decrease the functional capacity of the proximal tubular 
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cells actively to transfer sodium but do not alter the fundamental meclirmisms of 
sodium rcabsorption. 

The data obtained on the renal clearance of urea at high plasma levels arc in 
keeping with the view that the excretion of urea is a process of filtration and passive 
bade diffusion. The problem of renal work is discussed in relation to the experimental 
results. 
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CAPILLARY PERMEABILITY; RATE OF TRANS CAPILLARY 
EXCHANGE OF CHLORIDE IN THE GUINEA PIG AS DE- 
TERMINED WITH RADIOCHLORIDE 
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From the Department of Terrestrial Magnetism, Carnegie Institidion of Washington 

WASHINGTON, D. C. 
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W E HAV’E previously reported on the relative rate of transcapillaiy ex- 
change in the guinea pig of water (i), sodium (2), and iron (3). The present 
paper deals with the rate of transcapillary exchange of chloride using 
radiochloride as the tracer substance. Beyond adding to our knowledge of the relative 
permeability of the capillary wall to the substances of the plasma, we believe that the 
data can be used to test an interesting and stimulating h)rpothesis proposed by 
Chambers and Zweifach (4, 5). This h3rpothesis states that an electrolyte passes from 
the plasma to the extravascular fluid in major part through the intercellular cement 
of the capillary rather than through the total capillary wall or through the endothelial 
cell, whereas water and dissolved gases pass through the whole wall. 

METHODS 

Ten adult guinea pigs were used for the experiments. Sodium radiochloride was 
injected into the vein of a foreleg and samples of blood were subsequently obtained 
under light nembutal and ether anesthesia from a cannula placed in the proximal end 
of a carotid artery. To prevent shift of chloride from red cells to plasma, the fol- 
lowing precautions were taken to avoid loss of CO2 during collection of the samples 
and separation of the plasma. The cannula in the carotid artery was fiUed with oil 
prior to sampling and all the blood samples drawn into oiled syringes. The blood 
was then delivered under oil into centrifuge tubes containing heparin and promptly 
centrifuged. Plasma rather than whole blood was used for radioactivity measure- 
ments because of greater ease in handling and measuring. 

Radiochloride (CP®) was prepared from KCl by deuteron bombardment in the 
cyclotron of the Carnegie Institution of Washington. The KCl was dissolved from the 
target with a small amount of water and the solution filtered into a large centrifuge 
tube. A solution of AgNOs and a few drops of concentrated HNO3 were then added. 
After stirring, the precipitate was allowed to settle and a drop of AgNOs added to 
test for complete precipitation. The supernatant fluid was decanted and the precipi- 
tate washed 4 times with small portions of water. The precipitate was then covered 
to a depth of 2 or 3 centimeters with o.oi N HCl and an excess of granular zinc added. 
Using the bottom of a test tube as a pestle, the zinc and AgCI were ground together. 
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Althougli reduction of the silver was cxothcrniic, room temperature was salLsfacton,' 
for the reaction. Zinc was precipitated from the .soluble ZnCh as the carbonate by 
adding powdered NajCOj in the presence of a few drops of crcsol red. The carbonate 
was added until the indicator turned red. ZnCOs was then centrifuged down and the 
solution of sodium radiocliloride decanted olT. After determining the chloride content 
of this solution, it was diluted to isoloniclty. 

Half a milliliter of plasma was measured onto filler paper disks placed at the 
bottom of shallow Incite cups of uniform dimensions. A small amount of detergent 
was then added; tliis and the filler paper insured uniform distribution of the samples 
in the cup. To eliminate errors due to unequal evaporation among the samples, each 
was prepared just prior to its measurement. Because of the rapid rate of decay, it was 
necessarj' to use for decay correction tlic mean time of tiie interval during which each 
sample was measured. Tliis became more important in the later samples of a series 
where increased measuring time was nccessarj' for ccjual accuracy of all dclcnnina* 
lions. Aliquots of a standard solution were measured inlcrmitlcntly with the plasma 
samples. These permitted decay corrections to be made with ease and also provided 
an immediate conversion factor for the activity of each sample into concentration of 
labeled chloride per ml. plasma. In addition, since Uic decay curve of the standard 
proved to be that of Cl”, we were assured of the reliability of the measuring tech- 
nique and of the absence of radioactive contaminants. Only 4000 counts were taken 
for each sample which results in a standard deviation of about 2 per cent. However, 
after an initial determination with Geiger counter and sailing circuit, all samples 
were checked wiili electrometer and ionization chamber. 

IIESULTS 

Since we have been interested in the average rate of c.xchangc of ])lasma chloride 
with e.xtravascular chloride rather than its value in a single animal, tlie measure- 
ments on the 10 animals have been placed on a common basis. This has been accom- 
plished by adjusting the amount of chloride given each animal to a standard amount 
per kilogram body weight. The average of the several concentrations of chloride used 
in the e-xperiments was 39.49 mg/kilogram bod}' weight; this quantity has conse- 
quently been used as the standard quantity. The intensity of radioactivit}', as well as 
the quantities of chloride injected, is considered to havb been so low as to have caused 
no abnormal effects. 

The change of concentration of radiochloride in tlie plasma with respect to time 
after intravenous injection is shown in figure i. The curv’c has been fitted to tlie points 
by inspection. As shown in the insert of figure i, when the logarithm of the concen- 
tration in the plasma in e.\'cess of the equilibrium concentration is plotted against 
time, the points fall about a straight line. This means that the concentration of tlie 
plasma radiochloride approaches equilibrium at a constant rate and that the disap- 
pearance cun'e is described by the equation previously derived for ^Yater and sodium 
(i, 2): 

C, - G,, - (r) 

where Ct, Co and Cc<, are the concentrations of radiochloride in the plasma, at time, 

/, at ^ = 0 and at equilibrium respective!}'; R is the proportion of the normally occur- 
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ring chloride of the plasma which exchanges per unit time with extravascular chloride 
and q is the proportion of the total chloride which is not contained in the plasma but 
is in red cells and extravascular fluid. 

Unlike sodium, a considerable amount of radiochloride can be demonstrated in 
the red cells of the guinea pig. We have measured the partition coefi&cient of radio- 
chloride between plasma and red cells of the guinea pig and found it to equal 2.17, 
a value essentially the same as that for man and the rabbit (6). As might have been 
predicted from other observations, chloride enters the red cell from the plasma with 



Fig. 1 


great rapidity. The partition coefficient remains constant whether the plasma is 
separated by centrifugation immediately after radiochloride is added to whole blood 
in vitro or whether it is separated after an hour or so has elapsed. 

The radiochloride present in the red cells must be considered in evaluating the 
constants of equation i. Since xadiochloride rapidly exchanges between plasma and red 
cells, red cells and plasma are considered to have been at equilibrium in all samples 
of blood from which plasma was separated for measurement of radioactivity. On the 
assumption of a hematocrit of 50, the partition coefficient of 2.17 means that 32 per 
cent of the radiochloride of whole blood is present in the red cells. The concentration 
of radiochloride in the plasma at / = o, as given by the extrapolation of the logarith- 
mic plot of the insert of figure 1, is 0.633 mg/ml. of plasma (zero value from graph 
plus equilibrium value), where Ceq = 0.273 mg/ml. of plasma. This is in excellent 
agreement with the value of Co, 0.645 mg/ml- plasma, calculated from the initial 
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concentration of radiochlorkle (39.49 mg/}:}]ogr.im body ■vvcigiit), the amount of 
plasma per kilogram body weight (45 ml.; 1) and the percentage of the radio- 
chloridc prc.scnt in the red cells. As previously staled, ihc con.siant q is the proportion 
of the total chloride which is contained in both the cxtrava.scu!ar fluid and the red 
cells. If Co == mg. of radiochloride injected per kilogram of body weight (39.-19 mg.) 
divided by the volume of plasma per kilogram body weigljt (43 ml.) = 0.918 mg. 
radiochloride per ml. plasma; then C«, ~ Co(C)p/total Cl). By the derivation pre- 
viously given (2), q can be obtained from the equation — Cc(i — q). The value 
of q from this equation is 0.702. 

The slope of the logarithmic plot of the insert of figure 1 i.'v equal to —0.63 which 
is the value of — B/q. Substituting the value 0,70 for q, K i.s found to equal — 0..14 
which means that 44 per cent of the plasma chloride is e.xclianging each minute with 
extravascular chloride. In terms of the total chloride whicli c.scapcs across the capil- 
lary wall, however, we must consider that lost from the red cells as well. This diloride 
at time of measurement is in equiliijrium with that of the plasma and consequently 


Table i. ConsTAUTs DLscannKG bates ot EXciiA-sor. or cni-oarov:, sodjvm akd watt.?. nsTV.T.r.>! 

VASCCLAK ANT) r„VTRAVASCCLAR SYSTEUS 


CO.^■STA^’T 5 j 

ciLosTr>r 

I roDicu 

1 ... 

MTATTZ 

1 

(i) Proportion of amount of plasma substance transferrer! to 
extravascular fluid per minute 


1 

1 1 

1.46 

(2) Loss in plasma concentration of, tracer substance per minute 
relative to excess concentration (exponential rate) 

.63 


! .S2 


the chloride which crosses the capiUar\' wall in an intcr\'al is equal to tliat lost from 
the plasma plus that lost from the red cells. The total rate of transcapillarj' e.vchange 
in terms of plasma chloride is therefore equal to R X 1.46 (the sum of chloride of 
plasma plus that of red cells di^'ided by that of plasma) = 0.64, which slates that an 
amount of chloride equal to 64 per cent of that in the plasma crosses the capillar}' 
wall each minute. 


DISCUSSIOK 

As shown in table i, the rates of transcapDIar}' e.\-change of sodium and chloride 
are equal when expressed in terms of the proportion of the amount in plasma trans- 
ferred to the extravascular fluid per minute. This tells us within the limits of the 
method that the capillar}' wall of the guinea pig is equally permeable to sodium and 
chloride. Plasma water, however, is e.xcbanged at the rate of 146 per cent of that of 
the plasma per minute and we can consequently say that the capillai}' wall is 2.3 times 
as permeable to water as to sodium and chloride. 

As previously stated, Chambers and Zweifach postulate that water and dissolved 
gases pass through the whole of the capillar}' wall, whereas electrolytes escape in 
whole or in major part through the intercellular cement. We previously attempted to 
test this hypothesis quantitatively (10) and concluded that the whole of the capillar}' 
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•wall is probably permeable to sodium and chloride as weU as to water. This quantita- 
tive analysis was inaccurate because the difference in concentration across the capil- 
lary wall was used in Pick’s formula for diffusion rather than the true concentration 
gradient. We arrive, however, at the same conclusion that the whole of the wall is 
most likely permeable to water, sodium, and chloride through qualitative considera- 
tion of our data. We shall analyze the postulate of Chambers and Zweifach on the 
basis of these assumptions: Following them, we assume that one per cent of the 
capillary wall is cement substance; secondly, we assume that the endothelial cell is 
‘freely’ permeable to water as are other cells of the body; and finally, we suppose that 
the intercellular cement has approximately the same permeability to water as does 
the endothelial cell. It would be anticipated, if water escapes across the whole wall 
and electrolytes onl}’- through the cement, that water would cross the wall at a rate 
many times greater than that for sodium and chloride. In fact, one would expect that 
the rate of transcapillary exchange of v'ater would be about 100 times greater than 
the rates for sodium and chloride, if the diffusion rates for these substances are ap- 
proximately equal. 

Hober (7) indicates the variation with molecular weight of the diffusion coeffi- 
cients of a few common substances having molecular weights comparable to that of 
water. The maximum difference in these diffusion coefficients is not greater than a 
factor of 5. This means that following Pick’s law 

dN/dt = — Da(dc/dx) 

the amount of substance freely diffusing across an inert membrane will be proportional 
to the diffusion coefficient D. If the area a and the concentration gradient dc/dx 
are considered equal in the vascular system of the guinea pig for sodium, chloride 
and water, the rate of exchange should not differ for these substances by more than 
the differences found in Hober’s table, if diffusion is the main process by which 
these substances are transported across the capillary wall. 

Our results with chloride, and earlier results with sodium and water, show that 
the rates for sodium and chloride ions are equal and that water is only about 2.3 times 
greater than these rates and not approximately 100 times greater as would be expected 
using the assumptions above. 

Two types of objection might be made to this reasoning. It could be objected 
that diffusion might not be the sole process in the transport of chloride from the 
plasma to the extravascular fluid and that filtration would play a large role in the 
determination of the measured rates of exchange. The quantity of chloride, however, 
which moves across the capillary membrane from plasma to extravascular fluid is 
approximately equal to that moving from the extravascular fluid to the plasma. This 
latter process is considered to be purely diffusion as postulated by Starling (8), In 
addition it might be argued that a negligible amount of water passes through the 
endothelial cell and the major portion through the intercellular cement and that 
consequently the rates of turnover of plasma sodium, chloride and water are alike. 
This view, however, leads to the assumption of a permeability for the intercellular 
cement which is so high as to appear unreasonable to us. If only one per cent of the 
water passes through the endothelial cell, it can readily be shown that the intercellular 
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cement must be 10,000 times as permeable to it as the cndotlielial ceil. If 10 j>er cent 
of the water passes llirough Uie endothelial cell, the cement must he icoo times as 
permeable. We believe it more reasonable to assume that the permeability of the 
cement substance and endothelial cell to water arc ajipro.vimalcly equal and that 
consequently the whole wall must be permeable to water, sodium, anri chloride to 
explain the similarity in their rates of turnover in the plasma. 

The process of ultrafiltration through pores has been shown by Flexner (9) to be 
inadequate to account for significant scpanition of solvent from solute because the 
capillary hydrostatic pressure is insufficient to produce this separation to any appre- 
ciable degree. The observation that plasma water is e.xcliangcd more rapidly than 
sodium or chloride confirms the anew derived from kinetic and thermodynamic con- 
siderations (10) that diffusion rather than filtration is the essential process in the 
e.xchange of substances across the capillan' wall. 


StnviMARY 

The rate of turnover of plasma chloride has been determined by radio tracer 
techniques and compared to that previousl}' reported on water and sodium. Sixty- 
four per cent of plasma chloride is exchanged each minute with cxtravascular chloride, 
while 60 per cent of the plasma sodium and T46 per cent of the pla.sma water is ex- 
changed each minute. It is believed that the whole capillar)’ wall is permeable to 
chloride, sodium, and water, and that chloride and sodium do not escape by way of the 
intercellular cement alone. Diffusion rather than filtration is concluded to be the pre- 
dominant process in the exchange of substances across the capillan' wall. 
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VOLUME ELASTIC PROPERTIES OF THE RIGHT AND 

LEFT ATRIUM^ 
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T he maintenance of a pressure gradient from the left to the right atrium in 
normal hearts and in hearts with atrial septal defects has been attributed 
by Opdyke and co-workers (i) and also by Cournand (2) and others (3), on 
the basis of indirect evidence, to a difference in the distensibility of the atria. While 
quantitative studies have been made of the elastic properties of veins (4-6), only 
quasi-volume elasticit)^ curves for the right and left atrial systems have been pub- 
lished (i). 

In view of the importance placed on the elastic properties of the two atrial 
systems in explaining the left to right shunt through an atrial septal defect (2, 3), 
it was thought advisable to re-investigate this problem using a quantitative ap- 
proach. 


METHODS 

The heart and lungs with a portion of the superior and inferior vena cavae were 
removed from dogs immediately after death. The lungs were carefully dissected away 
to preserve as much as possible of the main pulmonary veins, A glass caimula was 
tied into the superior vena cava and another into one of the larger pulmonary veins. 
The coronary sinus and all other vessels emptying into the atria were ligated. The 
walls of the ventricles were cut away and the tricuspid and mitral valves were sutured 
in the position of anatomical closure with fine silk on atraumatic needles. In some 
cases the valves were reinforced with wax to pfevent leakage. The atria were filled 
with normal saline under low pressure and carefully checked for leaks. When none 
was found, the heart was submerged in a large container of saline as is shown in 
figure I, The glass cannulae (A and B) were placed in such a position that they ex- 
tended above the fluid level of the container. Saline was repeatedly introduced and 
withdrawn until all air was removed from the atrial cavities (R.A. and L.A.). The 
atria were then filled until the fluid level in the cannulae (X and Y) reached the same 
height as the level of the surrounding saline. The pressure at any point in the atrial 
cavities was in this way countered by an equal pressure from the weight of the sur- 
rounding fluid. The addition of further fluid would cause the intra-atrial pressure to 
rise above the pressure exerted by the fluid in the container. Therefore, the fluid level 
of the container was taken as the zero point in measuring atrial pressure. 
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After the atria were coni[)Iclcly filled in this fashion, measured amounts of saline 
were added to each atrium by a sjTingc. The atrial pressure was recorded optically 
with modified Gregg manometers after each volume increment was added. 


RESULTS AN'D DISCUSSION* 

TJie clastic properties of the right and left atrium in relation to their volume were 
studied in 10 hearts. The amount of fiuid needed to completely fill the atrial si'stem 
without distention was measured in each case. The average volume of the right atrial 
system was 7.0 cc. with a range of 3.3 to 10 cc., while the left atrial system had an 
average volume of 3.4 cc. with a range of 1.3 to 4.S cc. In all cases the right atrial 
system had a considerably greater volume than the left. This is a somewhat larger 


A B 



Fig. I. Method of deterjuxinc filling volume of the atria by submerging under vratcr. 
R. A., right atrium; L. A., left atrium. Sec text for further discussion. 


difference than the one reported in human hearts by Hochrein and Eckardt (7). 
This initial volume is the capacity of the atrial sj^tem before it undergoes distention. 
When filled with any amount less than this initial volume it is a collapsible structure. 
After the initial filling volume had been determined, the increments of additional 


fluid (d'S) were calculated on a percentage basis 



. Relative voluraeelasticity curves 


were plotted b}’- using as the ordinate, and the change in pressure {dp) as the ab- 


scissa. In 7 out of 10 hearts studied the curv'cs were similar. An e.\-ample of tlie tj-pe 
of curves obtained from these 7 hearts is shown in figure 2 A. Tlie cur\’’e of the right 
atrial system rises more steeply than the left and the two curves tend to diverge at 
higher volumes. This indicates that the pressure in the right atrium is less than in 
the left for the same percentage increase of volume. Thus, it must be inferred that 
the right atrial system is more distensible than the left. 

In 3 cases the type of curve was different from the e.xample presented. In one 
case the curves did not diverge but crossed after the volume was increased by 225 
per cent. In this case the left atrial system became more distensible than the right 
beyond this point. In another of these atypical curv^es both right and left curves 
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were alike. In the third case the curves were reversed because the left atrial system 
was more distensible than the right over the entire range tested. 

Within the normal range of atrial pressure (25-150 mm. of water) a linear re- 
lationship is apparent between volume and pressure. Above this range the relation- 
ship becomes nonlinear. Using the usual formula dv/dp • V ^ Ev, where dp is the 
change in pressure, dv is the change in volume, and V is the initial volume, the volume 


A 



B 



MM HgO 

Fig. 2. Volume elasticity curves for right and left atrial systems. A, relative curves; B, 
absolute curves. 

elasticity coefficient {Ev) of the right and left atrial systems can be calculated for the 
linear range of the curve. The Ev index for the right atrial curve shown in figure i 
is 92, while the left atrial system has an Ev index of 100. The average Ev index of the 
right atrial systems in this series is 78 with a scatter of 60 to 100. The average left 
atrial system Ev index is 89 with a scatter of 48 to 140. 

While such relative elasticity curves are of value in comparing the physical char- 
acteristics of the walls of the right and left atrial systems, they are not adequate for 
hemodynamic studies of the intact atrial system. 

Under stabilized conditions the flow through each side of the heart is the same. 
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tlxus during any phase of the cardiac cycle the volume change of the right and left 
atrium should be equal. In order to calculate the resulting pressure in each atriunx 
from the volume elasticity curve, the curve must be adjusted for the difference in 
the initial volume. When increments of additional fluid are plotted on a fx:rcentagc 
scale it will enlarge the left cur\'c to twice the .sxmIc of the right .since the right atrial 
initial volume is about twice that of the left. This may be adjusted simply by using 
dv as the abscissa and plotting the curve in the same manner ns before. Such a pro- 
cedure reduces the two plots to the same scale and tends to furlhcrscparate thccurvcs. 
The data from figure 2 A has been recalculated in this manner and arc presented in 
figure 2 B. 

All the experiments were rc-plottcd in this fashion and in cvcr>' case for anj* 
given increment of volume the pressure was higher in llie left than in the right atrial 
system. This is in general agreement with in vivo studies (i). The pressure differential 
between the right and left atria is a result of the difference in the volume of the two 
systems as well as the difference in their distensibilily cliaractcristics. 

SUXfMARY 

Hearts were removed from dogs soon after dcatli and the veins entering the 
atria were ligated. The A-V' valves were sutured in the position of anatomical closure. 
The amount of fluid needed to completely fill the atria without distending them was 
measured. Measured amounts of additional fluid were added and the atrial pressure 
recorded with optical manometers after each increment of fluid was added. 

TJie right atrial system as measured liad an average initial filling volume twice 
that of tlie left atrial system. 

Volume elasticity curves plotted for the right and left atrial systems show that 
for equal volume increments the right atrial system is more distensible than the left. 
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DYNAMICS OF EXPERIMENTAL ATRIAL SEPTAL DEFECTS^ 
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I T HAS been revealed in catheterization studies on humans with atrial septal 
defects (i, 2) and on dogs with experimentally produced defects (3) that left 
atrial pressure is greater than right in spite of apparently large interatrial com- 
mimications. These observations, together with the demonstration that the oxygen 
saturation of right atrial blood is increased by contamination with arterialized blood 
from the left atrium (2), validate a long established clinical impression that a left 
to right shunt of blood occurs in such cases. 

However, while the demonstration of a pressure differential between the atria 
provides a physical basis for the shunt of blood, two questions remain unanswered. 
First, how can such a pressure differential exist between the atria in the presence of 
a large communication, and second, what hemod3mamic factors are responsible for 
maintaining this gradient? 

Barger, Edwards, Parker, and Dry (4) have assumed on tlieoretical grounds that a large atrial 
septal defect should result in tire equalization of right and left atrial pressure, presumably by con- 
version of the tu'o atria into a common pressure chamber. The maintenance of a shunt of blood (and 
presumably the pressure differential?) then depends on the relative resistance to filling of the right 
and left ventricles. Taylor ct at. (s) also came to much the same conclusion. 

In an attempt to answer the second question, Uhley (6) has made the unlikely suggestion that 
the left to right shunt is due to gravitational factors resulting from the position of the heart in the 
tliorax. Cournand ct at. (i) have offered two c.xplanations for this pressure gradient. First, tliat it may 
be maintained by the right atrium contracting slightly before the left, thereby increasing the initial 
tension of the left atrium by tlie transmission of pressure through the defect. Secondly, a more 
likely meclianism was suggested by the anatomic difference beb:\'ecn the right and left atrial wall and 
the relative volumes of the two chambers. Thus, they postulated that the right atrium would be more 
distensible than the left. Opdyke and co-workers (7) also accounted for the pressure gradient between 
the atria in normal hearts as due to a difference in the elastic characteristics of the atrial wall and 
postulated that the pressure differential should persist after tlie producb’on of a septal defect. This 
view is strengthened by the work of one of us, presented in the preceding paper (8), in which the 
right atrial system was shown to be more distensible than the left. 

In view of the theoretical nature of the explanations for this pressure gradient 
so far presented, it seemed desirable to establish the basic hemodynamic factors in- 
volved in atrial septal defects. To this end defects were surgically produced in the 
atrial septum of dogs and the pressure relations studied. It is important that such 
experiments be done on an acute basis to avoid complicating compensatory develop- 
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ments such as cardiac hypertrophy and change in blood volume, which arc the result 
and not the cause of hemodynamic change. 

METHODS 

Average size mongrel dogs were anesthetized with intravenous sodium barbital 
(ca. 350 mg/kg.), or with 3 mg/kg. of morphine subcutaneously and 200 mg/kg. of 
sodium barbital intravenously. The chest was oi)Cncd by a mid-sternal incision, and 
in most animals the right fifth rib was removed. 'I'lie heart was suspended in a peri- 
cardial cradle which did not im{)edc venous return. The surgical procedures were done 
with care to avoid undue blood loss and e.xcess trauma. Mild but adequate respiration 
was maintained by means of alternating positive air pressure which was interrupted 
for brief periods when records were taken. 

Aortic pressure pulses were secured by introducing a cannula through tlie right 
carotid artery to the arch of the aorta. The right external jugular vein was cannu- 
lated with a sound of as large a diameter as the vessel would i>crmit. The slightly 
cur\'ed distal end was introduced into the right atrium. Left atrial pressure pulses 
were recorded from a cannula which entered the atrium through the tip of its ap- 
pendage. All cannulae were fixed to avoid extraneous vibrations. 

Pressure jiulscs were recorded with Gregg design optical manometers of ade- 
quate sensitivity and frequency. No parallax existed between the various recording 
beams. At the end of each record a short calibration was made with a standard pres- 
sure for each manometer in relation to its base line, and a complete calibration was 
done at the end of each experiment. The manometers used to record atrial pressure 
were calibrated in mm. water while the aortic manometer was calibrated in mm. Hg. 
In each experiment the zero level for all manometers was set at the level of the animal 
board. Therefore, all pressures are relative. 

Atrial septal defects were produced by two methods. In early e.xpcriments a 
hemostat was introduced through the tip of the left atrial appendage and thrust 
through the septum. Opening the instrument and withdrawing it into the left atrium 
produced a slit or oval defect 5 to 8 mm. in its largest diameter. In later e.xperiments 
the method of Blalock and Hanlon (9) was used to produce the defect under direct 
vision. Larger defects could be produced by this method. Following the production 
of the lesion by either method tlie animals were in good condition as indicated by 
normal contours of the aortic pressure pulse. Cardiac irregularities or other signs of 
cardiac failure were lacking. All lesions were c.xamined and measured post mortem. 

Mcasnrcmenl of Atrial Pressures. In view of the stand already taken b}' some of 
us (7) that mean atrial pressure is not an adequate measurement for hemodynamic 
studies, it seems appropriate to record our thesis in greater detail. It has been the 
practice in this laboratory when analyzing records to measure atrial pressure at 4 sepa- 
rate points on the pressure curve: beginning and peak of atrial systole, and beginning 
and end of ventricular systole. These points are shown in figure i. 

While these instantaneous pressures are all affected bj’’ venous return, they repre- 
sent, in addition, the effects of various dynamic factors operating at different times 
during the cardiac cycle. Pressure recorded at the beginning of atrial systole (point i) 
is in part a function of elastic properties of the combined atrial-ventricular-venous 
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system as well as the rate and amount of filling of the ventricle during diastasis. 
The pressure at the peak of atrial systole (point 2) is influenced by the muscular con- 
traction of the atrial myocardium and the distensibility of the ventricle, ^^fliile the 
pressure measured just before the beginning of ventricular systole (Z point) is chiefly 
dependent on the volume elastic characteristics of the common venous-atrial-ven- 
tricular cavity, pressure recorded just before the second heart sound (V point) is a 
function of the distensibility of the atrial-venous system, the length of ventricular 
systole and the rate of venous return. 


Fig. I. SllTDlTANEOGSLY EECOEDED 
right and left atrial pressure pulses with a 
constructed diflterential curve. From top 
down: constructed curve, right atrial, left 
atrial, and aortic pressure pulse. Letters 
referred to in text. 



i 



We regard the V point as the most significant measure of atrial pressure when 
dealing with interatrial dynamics: a) It has been shown that this is the only point 
that occurs synchronously in both right and left atrial pressure curves (7). b) This 
point is relatively free from impact artifacts resulting from the descent of the cardiac 
base during early ventricular ejection, c) At this point the A-V valves are closed so 
that a true intra-atrial pressure is recorded without any ventricular component, d) 
The atrial volume distensibility characteristic and the length of ventricular systole 
will vary only slightly in the course of an experiment and since there is no atrial out- 
flow during ventricular systole, changes in pressure at the V point reflect chiefly 
changes in venous return. 

Our objection to using mean atrial pressure measurements in hemodynamic 
studies may be stated simply. Mean atrial pressure is a composite of all dynamic 
factors operating during one or more cardiac cycles. This is modified to an unknown 
degree by all artifacts inherent in or accidentally introduced in the process of record- 
ing. Significant dynamic events are therefore submerged and the influence of artifacts 
may profoundly affect the interpretation of results. 

RESULTS 

Right and left atrial pressures were recorded from 12 dogs following the produc- 
tion of an atrial septal defect. Right atrial pressure measured at the V point varied 
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from 40 to 130 mm. with an average of 90.8 mm. of v.-alcr, while left atrial [)ressurc 
ranged from ro.} to 195 mm. with an average of 149.7 mm. of water. Eleven of tiie 12 
animals studied had a left to right inter-atrial j>re.«surc fjradient. 'J'hc differential 
pressure between the atria in these ii c.ic[)crim(;nt,s ranged from 13 to 130 mm, of 
water with an average of 49.9 mm. of water. There was only one experiment which 
did not have a left to right pre.ssure differential. The los.s of this gradient was due 
to a low left atrial pressure of 104 mm. water (16 mm. lov.-er than arsy other in scric.s), 
while the right atrial pressure, of 104 mm. water was very near the average of the 
group. 

The possibility existed that the pressure gnidient might revcr.se during some 
phase of the cardiac c>'cle. In order to c.xplorc this possibility differential cur\'e.s were 
constructed by subtracting the right atrial pressure jiul.se from the left by means of 
the coordirectograph described by Green. A typical record of right and left atrial 
pressure pulses and a constructed differential cur\-e arc presented in figure i. By 
means of a constructed curve such as this the direction and magnitude of the pressure 
gradient between the atria is shown for each jiart of the cardiac cycle. The jircssure 
gradient was found to persist from left to right during the entire cycle or for ail but 
a very short jieriod before or during atrial sy.stole. In the c.xpcrimcnt presented the 
reversal of the gradient occurred for 0.7 second just before atrial systole. 

In order to determine if there is any change in the normal pre.ssure gradient 
between the atria after the production of a .shunt, atrial jiressure pulses were recorded 
from the same animal both before and after jiroduction of the scjital defect. The 
significant finding is that the V pressure differential fell from 90 mm. in the control 
to 70 mm. in the presence of the defect. This change in the pressure gradient resulted 
entirely from an increase of right atrial pressure. 

If the two atria behave as a common diambcr in the presence of a scpLal defect 
as suggested by Barger cl al. (4), it may be expected that any increase in pressure in 
one atrium would be equally transmitted to the other. This can be tested by in- 
creasing right atrial jiressure by a rapid infusion and recording the pressure changes 
in the right and left atria. It has been shown that in normal hearts when right atrial 
pressure is increased, left atrial jiressure rises even more, thereby increasing the nor- 
mal left to right pressure gradients (7). The effects of increasing venous return were 
observed in 12 dogs with atrial sept.al defects by giving rapid intravenous infusions 
of saline. The femoral vein was used in all cases and amounts varying from 75 to 
405 cc. were given in 45 to 60 seconds. 

These experiments can be divided into two groups. In the early animals of this 
series sejital defects measuring 5 to S mm. were produced. These defects were con- 
sidered to be the equivalent of a moderate size shunt. The later c.xpcriments had 
larger defects measuring 8 to 12 mm. in their largest dimension. These defects were 
considered to be large communications. Plots of t^'pical e.xjieriments from each of 
these groups are presented in figure 2 as A and B. In each case 200 cc. of saline were 
given in 40 to 45 seconds. 

Plot A represents an infusion into an animal with a moderate sized atrial septal 
defect. Right and left atrial pressure increased continuously during the infusion, left 
rising more than right. The pressure differential increased steadily from 26 mm. at 
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the start of the infusion to 85 mm. of water at the end. These results were consistent 
in 5 of the 7 animals in this group. In the other two experiments riglit atrial pressure 
increased more than left. In one of these the pressure gradient reversed during the 
infusion and in the other right atrial pressure continued higher than left tlirougliout 
the experiment. 

Plot B is representative of all infusions into the animals with larger inter-atrial 
defects. In this experiment both right and left atrial pressures increased at first, the 
pressure gradient between the atria increasing slightly during the first 50 cc. of the 



Fig. 2. Plots of eight and i£ft atrial pressure at V point during an intravenous infusion of 
200 cc. of saline in 45 seconds. Solid lines, riglit atrial pressure. Broken line, left atrial pressure. Dotted 
line, differential pressure between atria. Disussion in text. 

infusion due to the greater increase of left atrial pressure. During the next 100 cc. the 
pressure differential began to fall slightly and then decreased markedly dturing the 
last part of the infusion. This decrease was due to a fall of left atrial pressure. 

In order to compare the results of these infusions into hearts with septal de- 
fects with expected results in normal hearts, a series of similar infusions was done in 
normal animals. The results were consistent in 4 experiments. A plot of a represen- 
tative experiment is shown in figure 2 C. Both right and left atrial pressures increased, 
left more than right, throughout the infusion. This is in agreement with prevdously 
reported results (7). 

As a further comparison with the normal, a large atrial septal defect was made 
in the same animal whicli is presented as the control in figure 2 C. This experiment 
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(fig. 2 V) is similar to that plotted in figure 2 /?, except that after a considerable 
amount of fluid had been infused the gradient between the *ntrin decreased because 
left atrial pressure leveled off rather than decreased. 

Another method of determining if the two atria act as a common chamber in th.e 
presence of an atrial septal defect is to study the atrial pressures obtained under static 
conditions. When ventricular asystole is produced in a normal heart by stimulation 
of the jieriphcral end of the left vagus nen'C, right atrial jircssurc continues to increase 
due to the persistence of venous return, as shown by the significant sections of a 
continuous record rejiroduccd in figure 3 A. Left atrial pressure increases for 2 to 3 



Fig. 3. Sfxtio.n'S of contintjous record of left atria pressure {upper) and right atrial pressure 
(loicer) during and after ventricular asystole. A, normal heart; B, heart with atrial septal defect. 
See te.^t for discussion. 

seconds (2 cycles), then remains constant for the duration of the ventricular stand- 
still. The elastic recoil of the lungs returns a small volume of blood to the left atrium, 
but after a short interval this ceases and left atrial pressure does not increase further. 

Figure 3 B shows sections of a continuous record from a similar e.xperiment per- 
formed on a heart willi a large alrial septal defect. In contrast to the normal heart, 
right and left atrial pressures equalize within 2 seconds (6 cycles) and then rise to- 
gether for the remaining 5 seconds of ventricular standstill. Following the first ven- 
tricular beat, a pressure differential of 35 mm. of water is again present between the 
atria (see point X on record). 


INTERPRETATION 

The above e.xperiments indicate that the atria act as a common cavity in the 
presence of an atrial septal defect under static conditions. This is shown b,v the rapid 
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equalization of pressure when ventricular asystole is produced. However, when ven- 
tricular action is restored there is an immediate reestablishment of the pressure 
gradient. This shows that the pressure differential is produced by d)mamic events. 

An analysis of the factors involved in maintaining this dynamic gradient can 
be based on the following factors: The pressure in the atria of the heart during atrial 
diastole is dependent on the inflow, the outflow, and the distensibility of their walls. 
The demonstration that the right atrium is more distensible than the left (8) offers 
a logical explanation for the maintenance of this pressure gradient between the atria. 



--"jr- Diageaii op PHYSICAL MODEL used to illustrate the dynamics of atrial septal defects 

Letters referred to in text. 

The inflow into the two atria must be equal if the circulation is to be stabilized. 
In the presence of a septal defect the inflow into the right atrium consists of the 
venous return plus the flow through the shunt from the left atrium. This same volume 
of blood is ejected by the right ventricle and returns to the left atrium through the 
pulmonary circuit. Thus right atrial inflow equals left atrial inflow. The outflow from 
the two atria is also equal; right atrial outflow equals right ventricular output, while 
left atrial outflow equals the flow through the shunt plus left ventricular output. Since 
the inflow of the left atrium is equal to the outflow of the right ventricle, it must also 
equal right atrial outflow. Thus right atrial outflow must equal left atrial outflow. 

The left atrium is a less distensible structure than the right and has a smaller 
volume (8). Since the flow through both atria is equal, the chamber having the less 
distensible walls and the smaller volume will develop the higher pressure. For this 
reason left atrial pressure is higher than right in the normal heart (7) and in hearts 
with atrial septal defects. 

The dynamic factors concerned in maintaining this higher left atrial pressure 
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cm be idustratcd by means of a physical model sucli as is diagrammatised in figure 
4. Two brass plates, A and C, arc covered with rubber dam of different distcnsi- 
bilities. Their volume elasticity curves arc similar to those of the two atria (8). A 
shunt S between these atria cm be closed by a clamp. A rcser\-oir E is connected to 
the right atrium. The two atria are connected by a tube in which is a rubber bulb 
B fitted with approjiriatc valve.s. 'I'hc left atria is connected to a similar bulb and 
valve D which empties into the re.scrvoir E. Tiie rubber bulh.s arc synchronously 
compressed by adjustable motor driven plungers P and P^ 

The entire system is filled with water and the sliunt between the atria is closed. 
'J'lie motor driven plungers that compress the bulbs arc driven at 40 beats j>cr minute, 
A resistance F, which is placed ahead of a distensible section of tubing G, is adjusted 
to provide a steady flow of fluid into the left atrium C. It is important that the two 
plungers bo adjusted so that each bulb jHimps the same volume; v/hen this is done 
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the level in the reservoir remains constant. Atrial pressure can be measured witli 
sufficient accuracy in this case by water manometers H and I. Left ventricular out- 
put is determined by permitting the inflow to tiic resenmir E to flow into a graduate. 
Right ventricular output is measured by disconnecting the inflow into the left atria 
and measuring it in a gi\iduate. 

Data from a typical e.xperiment witli this model are shown in table i. With the 
shunt closed a pressure differential of 115 mm. of water is present between the atria. 
When the shunt is opened the pressures equalize, the right atrial pressure rismg 
slightly above the control. Right ventricular output is then increased by adjusting 
the thrust of the plunger that compresses the bulb B. ^^fllen left atrial pressure has 
risen to control levels a pressure differential between the atria of 100 mm. of water 
is again maintained, the riglit atrial pressure increasing sHghtty. Left ventricular 
output is back to control levels while right ventricular output is more than doubled. 
The difference between right and left ventricular output must equal the amount 
passing through the shunt, as the level in the reservoir E remains constant. The con- 
ditions with tlie shunt open are the same as those demonstrated in humans with 
atrial septal defects, i.e., left atrial jrressure higher than right and right ventricular 
output nearly twice that of the left ventricle (2). 
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To demonstrate thzt a difference in the distensibilities of the two atria is re- 
quired to produce this left to right pressure gradient, the physical model is modified 
as follows: The rubber membrane A which covers the right atrium is removed and 
a rubber membrane with the same elastic characteristics as that covering the left 
atrium is substituted. Thus, both atria have the same volume elastic characteristics. 
"When the model is operated under the same conditions as before, a pressure differ- 
ential between the atria does not occur and consequently there is no flow through 
the shunt. 

Evidence derived iiomiit vivo observations, static volume elasticity measurements 
on the atria, and experiments with the phj^sical model prove conclusively that the 
pressure differential existing between the left and right atria depends on the lesser 
distensibility of the left atrium and the increase in right ventricular output. The role 
of ventricular filling in maintaining this pressure differential must be minimal since 
the differential pressure is greatest at the V point when the ventricles are shut off 
from the atria by the closed A-V valves and the differential pressure is markedl}" re- 
duced during the period of ventricular filling. The decrease of the inter-atrial pressure 
differential during ventricular filling is due to the fact that the volume-elasticity 
characteristics of the right and left atrio-ventricular cavities are more nearly simi- 
lar (7). However, the importance of the right ventricle’s ability to pump an increased 
volume of blood is obvious. 

The effect of increasing venous return on right and left atrial pressures in the 
presence of an inter-atrial shunt is explainable on the basis of this dynamic mechanism. 
In order to maintain left ventricular output in the presence of an atrial septal defect, 
the right ventricle must eject not only the blood that is normally retmned to the 
heart but also any which passes through the shunt from the left atria. When venous 
return is increased, as by a rapid intravenous infusion, the compensatory mechanisms 
of the right heart must operate to their utmost capacity in order to keep the circu- 
lation in equilibrium. I^flien the atrial septal defect is of small or moderate size the 
right heart is able to fully compensate for the rapid infusion of 200 cc. of saline as is 
shown by the rise of right and left atrial pressme during the entire infusion, much as 
in the normal heart (plot A and C, fig. 2). However, in the presence of a larger shunt, 
the increased flow from the left heart plus that which comes from the periphery 
must already have placed a burden on the compensatory mechanism of the right 
heart. In the presence of a great increase in venous return, right ventricrdar output 
at first increases but the degree that its output is augmented may not continue pro- 
portional to the increase in right atrial pressure. This is due to the right ventricle 
becoming less eflficient at the higher filling pressure (10), Under stabilized conditions 
left venous return is dependent upon right ventricular output, thus left atrial pressure 
will rise with increased right heart output. "Wlien the right heart output fails to keep 
up with the increased flow through the shunt, left atrial pressure will plateau (fig. 
2 D) or may even fall (fig. 2 B). 


SUMMARY 

Atrial septal defects were smgically produced in open chest dogs and right and 
left atrial pressme piilses were simultaneously recorded by calibrated optical manom- 
eters. Atrial pressure was measured just before the second heart sound, the V point. 
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The use of other points on the atrial pressure pulse as a measure of atrial pressure is 
discussed. 

In II out of 12 e.xperimcnts left atrial pressure was higher than right at the V 
point and the left to right pressure gradient persisted during the entire cardiac cn'cle, 
or for all but a short period before or during atrial sy.stoIc. 

Increasing venous return by rapid saline infusion clcvate.s both right and left 
atrial pressure in the presence of atrial septa! defecLs, but left atrial pressure rises 
more than right. However, in the presence of a large defect the prc.ssures tend to 
equalize after consideraldc fluid has been given. 

The suggestion that in the presence of atria! septa! defects the atria would act 
as a common cavity was tested. When ventricular action was stopped by vagal stimu- 
lation, right and left atrial pressure equalized witliin 2 seconds and then ro.se together 
for the duration of ventricular systole. Following the first ventricular beat, the left 
to right pressure dilTercntial was again present. 'I'hus the inter-atrial pressure gradient 
is shown to be produced by dynamic events. 

E\’idencc derived from in vivo observations, atrial volume elasticity measure- 
ments, and experiments with a plu-sical model prove that the left to right pressure 
gradient between the atria in hearts with atrial sejital defects dejK-nds on the lesser 
distensibility of the left atrium and the increa.se in right ventricular output. 
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METABOLISM OF CARDIAC MUSCLE: UTILIZATION 
OF LABELLED PYRUVATE AND ACETATE 
BY RAT HEART SLICES^ 
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BOSTON, MASSACHUSETTS 

T he effect of addition of various metabolites on the respiration of surviving 
tissue slices has afforded some, but incomplete, information on the ability 
of the tissue to utilize a particular substrate. Chemical measurement of the 
rate of disappearance of substrate added to surviving tissues affords a more quanti- 
tative index of the ability of the tissue concerned to utilize the metabolite but does 
not indicate the end products of the chemical transformations that may occur. With 
the use of metabolites labelled with C“ it is possible to determine the amount of 
substrate which is oxidized to CO2 as well as the incorporation of the tracer into 
certain tissue components. 

It Avas of interest to determine the ability of rat cardiac muscle slices to utilize 
pyruvate labelled with in the alpha position and acetate labelled with in the 
carboxyl position. Oxidation of the substrate to CO2 was determined by measuring the 
radioactivity in the respiratory CO2. The amount of radioactivity in the fat and pro- 
tein fractions of the tissue after incubation was also determined. 

METHODS 

Wistar-strain rats, varying in weight from 200 to 400 grams and in age from 3 to 
6 months, were used. The)’’ were fed Purina Dog Chow ad libitum and were not fasted 
before death. The animals were killed by a sharp blow on the head, and the heart was 
excised as rapidly as possible and placed in an aliquot of iced, phosphate buffered 
medium whose ionic composition was as follows: 


CATION 

concentbation 

ANION 

CONCENTRATION 


mEq/l. 


mEq/l. 

Na 

150 

Cl 

142 

K 

4 

HP041 

IS 

Ca 

2 

HsPOj 


Mg 

I 




The pu was 7.4. Eleven mM per liter of glucose was added in all e.xperiments except 
when the utilization of other substrates was being studied. 

Heart slices approximately 0.5 mm. in thickness were prepared by hand using a 
razor blade held in a hemostat as a cutting tool and a glass slide as a template. A 
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metal block, chilled in ice, was used as u base. Tiie ra,-»r blade and ^dass slide were 
dif)ped frcquenlh’' into chilled saline medium so that the cardiac tissue and the cutting 
imf)lemenls were kept chilled during the period of .slicing. The whole ventricles were 
placed on their .side on the metal block, and slices were made along the longitudinal 
axis of the hctirt, cutting through the two chambcr.s and septum as they were en- 
countered. .As eacli slice was prejwrcd, it was ]>laced in an aliquot of wcll oxygenated 
incubation medium at room tcm[KTaturc. The approximate thickness of tissue .slices 
was determined by dividing the wet vreighl of the tissue .slice by the .surface area 
without correction for specific gravity of the tissue. 

Respiration was measured at 57° C. b}* the direct method of ^\^^rburg. Ivach 
vessel contained 5.0 ml. of the incubation medium in tlic outer compartment and 0.2 
ml. of 10 per cent ROM plus filter paper in the center cup. One tissue slice, varying in 
(dry) weight from 10 to 20 mg., was [ilaccd in each vessel. The vessels were equi- 
librated with 100 per cent oxygen for 5 minule.s while being shaken in tiic constant 
temperature bath at the rate of 120 o.scillalions i>cr minute. Readings vrere started 
about 30 minutes after the animals had been killed, and subsequent readings were 
made at 10 to 15 minute intcn’als for periods of i to 3 hours. The tissue was removed 
at the end of the experiment and the drx' weight obtained. Determinations were made 
in duplicate or triplicate. Respiration rate curves were plotted and the best linear 
relationship obtained from the oliservcd points. I'lie results usually checked within 
1$ per cent and are cxprcs.scd as Qot (mm.* of O.'/mg. of dry weight of lissuc/hr.). 

Unlabclled sodium p3'ruvate used in these experiments was prcp.arcd ly rcdistil- 
lation of pyruvic acid according to the method of Lipschitz, Potter and Elvehjera 
(i), neutralization with NaHCOj and precipitation in alcohol. P^Tuvatc was deter- 
mined by the direct method of Fricdcmann and Haugen (2). Lactate was determined 
by the method of Parker and Summerson (3), Ten j>cr cent trichloracetic acid 
filtrates of the incubation medium were prepared for the determination of pjTuvate 
and lactate. P}Tuvate utilization is c.xprcssed in terms of — () p>Tuvate (microliters 
of pyruvic acid removed/mg. dr^v weight of tissue/hr.; i microliter = 0.0446 mi- 
cromols.) and lactate formation in terms of Q lactate (microHters of lactic acid 
formed/mg. of dr}’- lissue/hr.). 

Potassium pyruvate labelled with in the alpha carbon position and sodium 
acetate labelled with C“ in the carbo.vyl position were prepared by Dr. Yale Topper. 
The radioactiviy of these compounds was determined as BaCOj after combustion 
of a sample to CO2, collection in alkali and precipitation with Ba(0H)2. The potas- 
sium pyruvate had an activity of 4000 counts per minute per milligram when referred 
to an arbitrary standard of BaC'^Oj. The sodium acetate had an activity of 10,800 
counts per minute per miUigram when referred to the same standard. 

Oxidation of these substrates by cardiac muscle slices was determined bj' the 
percentage of the total activit}’’ placed in the incubating medium that was recovered 
in the respirator}' CO2. This calculation involves the assumption that foreach labelled 
carbon atom appearing in tlie respiratory CO;, two unlabelled carbon atoms from 
P3^ruvale and one unlabclled carbon atom from acetate also appear in the respiratory 
CO;. Two tenths ml. of i N H2SO4 was placed in the side arm of the \A'arburg vessel 
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and was mixed with the incubating medium at the end of the experiment to release 

CO2 that uas retained in the buffered solution. The alkali in the center well and 
on the filter paper was transferred quantitatively to a 15 ml. centrifuge tube with 
0.5X NaOH. The carbonate was precipitated as the barium salt by the addition of 
Ba(OH):. The BaCOs precipitate was centrifuged and washed once with an aliquot 
of 60 per cent alcohol. After centrifugation the BaCOj was transferred to a stainless 
steel disc for counting. 

Total fat and protein in the tissue was prepared for counting in the following 
manner. The tissue was removed from tlie Warburg vessel, rinsed briefly in distilled 
water, placed in a small glass dish and dried overnight in an oven at 110° C. The 
dry weight was obtained. The tissue was ground with a mortar and pestle in 10 cc. 
of 10 per cent trichloracetic acid and transferred to a 15 cc. centrifuge tube. After 
centrifugation the precipitate was washed three times with 10 ml. aliquots of tri- 
chloracetic acid. Ten ml. of alcohol-ether were added and the precipitate was dis- 
persed with a stirring rod and allowed to stand overnight. The alcohol-ether mixture 
consisted of 3 parts etiiyl alcoiiol and i part ethyl ether. On the following day the 
precipitate was extracted three times with 5 ml. aliquots of alcohol-ether, the mixture 
being brought to a boil during each extraction. The protein precipitate was transferred 
to a stainless steel disc and dried. The alcohol-ether extracts were evaporated to dry- 
ness and the fatty residue transferred to a stainless steel disc for counting. 

The four washings of the ground tissue with trichloracetic acid appear to be 
adequate to remove unchanged labelled pjTUv^atc and acetate, smee experimciits in 
which the tissue and incubating medium were acidified to pn i before adding the 
labelled substrates yielded no measurable counts in the fat and protein fractions of 
the tissue. Self absorption corrections for the fat and protein samples were made 
using the same factors as for BaCOj. 


RESULTS 

Factors A jfcctiiig Rate of Respiration of Cardiac Muscle Slices 

Preliminary observations on the rate of respiration of normal rat cardiac muscle 
slices yielded considerable variation in the Qq^ values from animal to animal. Data in 
the literature (4-8) revealed variations in the Qot values for rat heart slices from 4.0 
to lo.o under approximately similar conditions. Consideration wa's therefore given 
to possible variable factors in the preparation of the tissue for respiration measure- 
ments as well as to the effect of certain changes in the ionic composition of the sus- 
pending medium. 

Effect of slice thickness. Fulirman and Field (9) have demonstrated that the thick- 
ness of liv'^er slices for optimum respiration is between 0.5 and 0.6 mm., and that lower 
rates of oxygen consumption are obtained wdien the slices are thinner or thicker. 
This tissue thickness producing optimum respiration corresponds ver}'^ well with the 
theoretical limiting thickness for adequate diffusion of oxygen as calculated by the 
Warburg (10) formula. Presumably, the lower respiration of thin slices is due to a 
greater proportion of damaged cells, and of thick slices to an inadequate supply of 
o.xygen. 
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'Pable I shows I he results of cx{X!rimenjs to cleterminc the efTcet of tissue slice 
thickness on the rate of oxygen consumption of cardiac tissue slices. 'J’he tissue thick- 
ness for optimum respiration i.s a})i)roximateiy the same as that fletcrmined hy Fuhr- 
man and Field for liver slices. It is apparent from the data that the slice thickness h 
an important factor in determining tint rate of respintion of licart slices. 'Fhe optimum 
thickness for licart slices is con.'^iderably jp-catcr than that usually recommended 
for tissue slice work (ir). 

/^fc/ of am.via. Bernheirn and Bernheim U) have shown that .eemi-anerobic 
incubation of the whole rat heart i;; vitro at 37“ C. for {K-riods ns short as 5 mi.nutcs 
produces considerable depression in the rate of o.xygen consumption of cardiac 
tissue slices. A similar depression in the respimtion of cardiac muscle has been pro- 
duced by anoxia fn vivo by Fuhrman and Field (S) using decompression to produce 
ano.via, and by Bunleltc and Wilhclmi (6) using hemorrhagic shock. I-owcrfng the 
oxygen tension with which cardiac tissue slice.s arc equilibrated ir, vitro produces a 
marked lowering of the rale of o.xygcn consumption (12), and subsequent recovery 
of such slices uixm increasing the o.xygcn tension is much less than is the case with 
liver slices. 


Tadix I, Efi-kct of .suer. Tincf;xr.ss os Oi co.ssujrrTios- or rat vr-STRiccn 

suer Titicja.TM m «u. 

1:0. or akiuals .J5-.33 .5-.0 s 

7 "“Qoi is.Sio.S lo.sio.a 

’ Cu. mm. of Oi coiisuni«f/mg. dry wt. of tissuc/hr. 

*Mcan and standard error of the mean 

An cxjxtrimcnt was performcci in which the heart was rapidly removed from the 
animal and placed in chilled incubating medium. Slices were cut as rapidly as possible 
and placed in an aliquot of incubating medium at room temperature witJi oxygen 
bubbling through the medium. Control slices were taken immediately for respiration 
measurements. Tiic oxygen supply was then shut off and other slices taken at vary- 
ing intervals thereafter for respiration measurements. The results arc shown in table 
2. It is apparent that brief jx;riods of ano.xia produce an irreversible change in heart 
muscle so that a permanent lowering of the rate of respiration occurs. Since anoxia 
is inevitable during the jjrcparation of tissue slices, we have attempted to minimise 
this cfTect by chilling the tissue to 5° C. during the preparation of the slices. 

Effect of changes in ionic pattern of the incubating incdiunu The omission of Ca"^ 
alone, or of the three cations, Ca-^% Mg-^, and from the incubation medium had 
no significant effect on the rate of respiration of ventricle slices. 

The effect of varying the proportion of Na+ and K+ in the incubation medium 
is shown in table 3. Tlic proportions of these two cations were varied in such a way 
that the total concentration of the two was always the same. It will be noted that up 
to a concentration of 77 niM per liter of K+, there is little or no effect upon the rate of 
respiration of x’entricle slices, whereas, above this concentration, a marked depression 
of respiration occurs. Tliis in vitro effect of potassium ion on the respiration of cardiac 
muscle does not appear to be correlated with the effect of potassium on the con- 
tractility of the intact heart, since this latter effect occurs with potassium concen- 
trations of approximately 10 to 20 mxi per liter. 
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Table 4 presents the results of varjhng the total phosphate concentration in the 
incubation medium. The omission of phosphate ion from the medium, with or without 
the addition of a substitute buffer, results in a depression of oxygen consumption. 
Adding phosphate ion in increasing increments results in a stimulation of respiration 
with a maximum effect being produced at a concentration of 10 to 20 rnivT per liter. 
The use of isotonic phosphate buffer alone as the suspending medium results in 
maximum stimulation of respiration during the first hour, but there is a marked 
falling off in the rate of respiration during the second and third hours. 

Lowering the pH of the incubation medium from 7,4 to 6.8 without changing 
the total concentration of phosphate ions produced a 25 per cent depression of the 
rate of respiration of ventricle slices. Raising the pH of the incubation medium to 7.9 
resulted in no significant change in the rate of respiration. 

Effect of addition of various substrates. The effect of addition of several substrates 
on the rate of respiration of cardiac muscle has been reported by several investi- 
gators. Smyth (13) has shown that sheep heart mince utilises p}TUvate, succinate, 
fumarate, citrate and ct ketoglutarate and that malonate inhibits the utilization of 
pjTuvate, suggesting that the Kxebs tricarboxylic acid cycle is active in heart muscle. 

Tabix a. Effect of anoxia on respiration of heart slices 
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Bernheim and Bernheim (4) observed an increased rate of respiration of rat cardiac 
muscle upon the addition of succinate, actate, and pyruvate, but failed to obtain 
any effect with glucose, glucose-i-phosphate, glucose-6-phosphate, mannose, adenylic 
acid, glutamate, alanine, acetate, tyramine and fumarate. Burdette and Wilhelmi (6) 
found a depression of respiration with glucose and a stimulation with pyruvate. 
Angerer and Gonzales (7) found a depression of respiration with glucose and a stimu- 
lation with succinate and pyruvate. 

The effect of addition of several substrates on the rate of respiration of rat cardiac 
slices is summarized in table 5. In all cases, the substrate was added at the beginning 
of incubation of the tissue slices. When tissue slices are incubated for 20 to 60 minutes 
before the addition of substrate, the response to the additon of substrate is often less 
than when it is added at the beginning of incubation. This may be a factor in account- 
ing for some of the differing effects obtained by several investigators. The data suggest 
but do not prove that cardiac tissue slices can utilize added glucose, lactate, pyruvate, 
acetate, succinate, fumarate, and citrate. 

Effect of duration of incubation. The rate of respiration of cardiac slices in the 
absence of added substrate shows a slight but progressive decrease with time. In the 
presence of added substrates which stimulate the respiration of cardiac muscle, the 
rate of oxygen consumption continues in almost linear fashion for the two-hour period 
of observation. Topical respiration plots are presented in figure i. 

Despite the maintenance of respiration for long periods in a medium to which 
glucose was added, histologic examination of the tissue slices reveals a progressive 
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deterioration of anatomical structure with time. Tissue slices were placed in Zenker’s 
fluid. i\ftcr paraffin imbedding, sections were cut at right angles to the surface of the 
.slice and stained with cosin-methylenc blue. Frc.shly prepared tissue slices placed 
immediately into Zenker’s fluid showed normal histologioii structure c.'cccpt for 
irregular basophilia in the cytoplasm of the i>eripheral muscle cells involving the outer 
3 to 4 layers of cells. Thi.s basophilia apix.‘arcd in all sections prepared from tissue 
slices and Is considered to be related to Injury produced in slicing. Sections c.xamincd 
during the first hour of incubation showed no other striking wtologic changes, /After 
one hour of incubation, co.sinophilic granules appc.arcd in the c.vtoplasm of some of 
the fibers and the myofibrils appeared to liavc .swelled. 'I’lierc wa.s also a loss in the 
cross striation of the mirsclc fibers stained with phosphotungslic acid-hematoxylin. 

Tablt: 3 . Erreer or cuANcr.s i.s’ thk na and k lox co.‘;cr.>;Tr!ATiox5 m* rnr: ixcuaATiON' liunim 

ON Tin: KisriRATiON or eat vr.vrr.icu; 


;;o. or 



/> 

n 

c 

NO. or 




onsrsvATios-s 

K.‘ d/Tc/I. 

N'a*' 

— 

p 

onytsvA’nONS 

K- nFf.-t. 

N'a* 

— * 0 - 

7 

4 


7.6 


5 

65 

73 

S.5 

1 

17 

123 

6.0 

1 

3 

/ 7 

63 

S-3 

1 

25 

ns 

7-6 


i 

93 

•?7 

3-6 

1 

S.t 

107 

7-1 

’J 

t 

U3 

iS 

z, 7 

I 

4J 

99 

8-3 


5 

136 

4 

3*3 

r 

53 

S7 

S .2 

j; 

I 

140 

0 

^•5 


Tabu: 4. Ernxx or 

VAKVINO Tim I'lIOSPHATr. COKCCNTRATION JS Tim IKcrnATlOK 

VI’.DIVM ON 


Tim EV.SriRATION OF 

VENTRICLi: suers 



NO, or ^ ! 

onsrKVATiONS P mu/L — voj j 

NO. or 

onsr-svATioNS 

P rtu/t. 


9 

0 5-4 

I 

i$.o 

II. 6 

2 

2.5 5-S 

2 

20.0 

12.0 

lO 

5-0 7-5 

i I 

50.0 

7*3 

5 

7.5 S.O ; 

1 I 

40.0 

7-4 

2 

10. 0 0.0 1 

I I 

JOO.O 

:o. 2 

These changes increased witli time of incubation, so that after 

3 hours normal striated 


fibers were diflicult to find. 

Similar tissue slices were fixed in absolute alcohol-picric acid-formalin mixture 
and stained for glycogen by Baucr-Fculgen method. Glycogen was identified by its 
hydrolysis with saliva. Examination of these sections revealed that glycogen had 
completely disappeared from the central fibers of tlie slice within 5 minutes of their 
preparation. Glycogen was found to be present in tlie muscle fibers at the periphery 
of Uie slice after 2 to 4 hours of incubation. The rapid loss of glycogen from the center 
of the slice may be related to the lower oxj'-gen tension in this area. 

UliHsalioit of Labelled Pyruvate 

Preliminary experiments using unlabelled pjTUvate showed that concentrations 
of 2.5 to 5.0 mir/I. of pyruvate yield optimum stimulation of respiration of cardiac 
slices. Chemical determination of the rate of p3T:uvate disappearance showed that 
relatively large amounts of p3’ruvate disappear during the first few minutes of in- 
cubation and that thereafter the rate of p3'ruvate disappearance is approximalel3’^ 
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linear. Coincident with the initial rapid disappearance of pjniivate is the appearance 
of an increased amount of lactate w'hich then remains approximately constant for the 


Table 5. ErrEcr or addition or substrates on rate of reshration of rat vektrici-e 


no. op asuslos 

SUBSTRATE 

coKCEjrmxioK 

INCREASE n: O: COKSUHTnON 



vnifl. 

% 

12 

L Glucose 

II 

28 

4 

DL Lactate 

5 to 60 

56 

14 

Pyruvate 

5 

83 

9 

Acetate 

S to 20 

55 

I 

Succinate 

20 

350 

2 

Fumarate 

30 

42 

I 

DL Citrate 

40 

25 



Fig. I 

rest of the experiment. These results indicate that a fraction 01 the pjTuvate adocd 
is rapidly reduced to lactate. 

The total amount of pyruvate disappearing (— Q p}*ruvate) has been corrected 
for the quantity of pyruvate which is reduced to lactate in the following manner. 
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The value for (2 lactate obtained in the absence of added .sukslrate is substracted 
from the value for Q lactate obtained in the presence of added pyruvate to obtain 
the increment of p3Tuvatc converted to lactate. This quantih* h then subtra.cted 
from the total ~Q pyruvate to obtain the net ~Q pjTUvatc, wliich is an appro.xi- 
mation of the number of microliter.s of pyruvate converted to non-!actatc products. 


Taiili; 6 . Utiuzatjon" or rvnnvATj; iiy NoaifAt. sat vr.VTricLi: 


SLAT NO, 

-Oo, 

1 

^L^CTATC j 

-C>«, 

1 i 

~n 1 

j ! 

C^t-tcTiTr. 

'i 'fJLT 

1 

iVp aJdei 

5.4 I 

iuhttrste 

0-77 j 

II. 0 

i 6,9s 1 

~S rtPtH. 

2 * 2^1 

! S '47 

2 

S,o j 

0.49 i 

16, 1 

6.. if) j 

3,73 

14.35 

3 

0,0 

i.oS 

13.4 j 

1 4. 83 

3.C4 

3 * *7 

4 

S.I 

0.71 

13-3 i 

1 5-90 

3.41 

1 4.39 

^ \ 

S.6 

0.52 

15*8 

6..*o 1 

Z.lf} 

j 3-0 

^ \ 

S .7 i 

0 . 1)0 

15-6 

7-03 1 

3 - 38 

4.65 

6.62 

7 \ 

IQ. 8 

0.50 

iS.o 

8. to 1 

3. 48 

s i 

II. 0 1 

0.76 

20.5 

9 "33 I 

S.cS 

I7.0Z 


10. S 

0-47 i 

16. 1 

9-30 1 

J 

3-94 

1 S -93 

Av. 

1 

8.9 

0.69 

i 

15 -t 1 

7.33 I 

3.86 

1 5.05=30,43 

i 


Table 7. Utjlizatjo.v or c" labelled ryaovATE lv eat ^t.vtejcle suers 


SAT NO. 

“Goj 

OtACTATi: 

-Oo: 

NTT 

—OnTc* 

\'ATi: 

Ot.^CTATE 

s-rr 

“OrvRO- 

VAIB 

1 

•CO: 

i~Qn-sv- 

VATT 

*/AT 

; — Orver- 

1 VATS 

j 

s 

1 

! •rxOTrrs 
! — OrvEU- 

1 VATC 

i 


-Vp Substrate 



/’jri/ra/f— j nil//. 



26S 

6.9 

0.91 

21,2 

9,42 

3.69 

6.64 

6.09 



26g 

6.7 

0.53 

21. S 

10.30 

2.16 

S.67 

6.91 



271 

S.2 

0.68 

20. 2 

S.S4 

I. 9 S 

7.57 

6.60 

.oiS 

.027 

275 

6-5 

0.73 

lS .3 

. 

7-93 

2.15 

6.50 

5-45 

.0x6 

.026 

Av. 

7 .x 

0.71 

20.4 

9.12 

2.49 

7.3s 

6. 26 

.017 

.027 


* Designates labelled carbon 


The results of unlabelled pyruvate utilization measurements in ventricle slices 
from 9 normal rats are presented in table 6. The addition of p^Tuvate produced a 73 
per cent increase in oxygen consumption. If the total amount of pyruvate which 
disappears were oxidized to CO2 and HcO, the Qq. would Jiave been iS.r (2.5 X —Q 
pyruvate) instead of 15.4. This does not allow however for the p>Tu\'ate wliicli was 
converted to lactate. The oxygen equivalent for complete o.xidation of the p\TU\xite 
disappearing, corrected for lactate appearance, is 12.6 or Si per cent of the total 
observed oxygen consumption. 

Similar data on 4 normal animals using pjTuvate labelled with C“ in the alpha 
carbon position are shown in table 7. The amount of pyruAHte which is oxidized to 
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CO2 is calculated from the percentage of total counts in the incubating medium that 
appeared in the respiratory CO2. This calculation involves the assumption that for 
every radioactive carbon atom which appears as CO2, two non-radioactive carbon 
atoms from pyruvate are also converted to CO2. The amount of pyruvate oxidized 
to CO2 accounts for 85 per cent of the net pyruvate disappearance and for 77 per cent 
of the total oxygen consumption of the tissue. The amount of pyruvate which is 
incorporated into the total fat and protein of the tissue represents less than one per 
cent of the net p}T:uvate disappearance. These results indicate that, of the total 
amount of pyruvate which disappears from ventricle slices, approximately 20 per 


Tabix 8. Utilization of labelled acetate in eat venteicle slices 


KAT KO. 

— Qoi 

1 

0 

0 

•COi 

“Oacetate 

•fat 

“^ACETATE 

•protein 

“^acetate 


.Vo Siihsirate 


Acetate - 

-SntTS/l. 


z 6 S 

6.9 

12.9 

2.84 



zCp 

6.7 

8.6 

2.30 



271 

8.2 

12.2 

3.06 



272 

4.8 

14.8 

5.80 

.005 

.002 

275 

6.5 

12.4 

4.94 

.004 

.009 

Av. 

6.6 

12.2 

3-79 

1 

1 ^ 
0 

q 

[ .006 


* Designates labelled carbon 


Table g. Competition foe oxidation between pveuvate and acetate in heaet muscle 


RAT NO. 

~Q( 3 i 

-Goi 

~Qoi j 

•COj 

“^acetate 

“Qoi 

•CO2 

~Qacetate 


No Substrate 

Pyruvate smssfl. 

Acetate— 8.3 nrn/l. 

i 

Acetate—S.3 mis/l. 
Pyruvate— s.o mis/l. 

242 

9.4 

21. 1 

15.7 

3.62 

16.8 

1. 41 

243 

7-1 

15-6 

13.5 

2.90 

M 

CO 

H 

0.99 

244 

6.5 

16.4 

II . 8 

2.18 

15-9 

0.98 

249 



10.7 

2. 17 

19.0 

1. 12 

Av. 

7-7 

■DA 

12.9 

2.72 

17-5 

I.I 3 


* Designates labelled carbon 


cent is converted to lactate, 69 per cent is oxidized to CO2, i per cent is incorporated 
into fat and protein and only 10 per cent is unaccounted for. When pyruvate is 
supplied to surviving rat ventricle slices it would appear that the major part of the 
respiratory process is involved in the utilization of pyruvate. 

Utilization of Labelled Acetate 

The rate of acetate oxidation to CO2 was studied using acetate labelled with 
C“ in the carboxyl position. Table 8 presents the data from experiments with 5 
normal animals. It is apparent that acetate is readily oxidized by rat heart slices. 
The oxygen equivalent of the acetate oxidation (2 X — Q acetate) in these experi- 
ments represents approximately 62 per cent of the total respiration. Additional data 
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of a similar character included in tabic o yielded the value of 40 pc-r cent for the oxygen 
cquimlent of acetate oxidation. The incorporation of nulioactive carbon from acetate 
into the tissue fat and protein was so small that the results are of questionable 
significance. 

Since cardiac muscle uliliacs both acetate and pyruvate, the mctalxjlisra of the 
tissue in the presence of both substrates was studied. The question presented was 
whetlier the effect of each substrate would be additive or substitutive. Tlic ox}'gcn 
consumption and radioactiv'c COi production were measured in experiments with 
carbo.x}d labelled acetate and unlabelled pyruvate added singly and together. The 
results of 4 such c.xpcrimcnts are presented in tabic 0. 

It was found that in the presence of pyrus-atc the oxidation of acetate to CO* 
amounted to only about 40 per cent of that observed in the absence of p^Tuvate. 
From this it may be inferred that in heart muscle pvTuvatc and acetate participate 
to some extent in the same metabolic pathway. 

Further experiments would be required to establish the quantitative relations of 
the competition suggested by these preliminarx" obsctx'ntions. 

suanrARV 

Factors affecting the measurement of respiration of rat ventricle slices are dis- 
cussed. Measurements of the utilization of labelled pyruvate by rat ventricle slices 
indicate that, of the total amount of pjTuvatc which disappears, approximately 69 
per cent is o.xidized to CO2, 20 per cent is reduced to lactate and less than i per cent 
is incorporated into tissue fat and protein. 

Labelled acetate added alone is readily oxidized to CO: by rat ventricle and ac- 
counts for 40 to 60 per cent of the oxj'gen consumption. WTien pjTuxxitc and acetate 
are added together both arc metabolized but the o.xygcn consumption is the same as 
with pjTuvate alone. The conversion of acetate to CO* in the presence of pyruvate is 
less than half that observed when acetate was the only added substrate. 
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METABOLISM OF CARDIAC MUSCLE: UTILIZATION 
OF C^^ LABELLED PYRUVATE AND ACETATE IN 
DIABETIC RAT HEART AND DIAPHRAGM^ 

0 . H. PEARSON, C. K. HSIEH, C. H. DUTOIT and A. B. HASTINGS 
From the Department of Biological Chemistry, Harvard M eiical School 

BOSTON, MASSACHtrSETTS 

O N THE basis of in vitro respiratory studies of dog skeletal and cardiac 
muscle, Shorr (i) concluded that the defect in carbohydrate metabolism 
resulting from insulin lack primarily involves the oxidative rather than the 
glycolytic reactions. It appeared from Shorr’s experiments that cardiac tissue slices 
from diabetic dogs utilized pyruvate and lactate less readily than those from normal 
animals. Krebs (2) demonstrated an in vitro effect of insulin on the respiration of 
pigeon breast muscle brei, and Rice and Evans (3) found that this effect of insulin 
was associated with an increased utilization of p3n:uvate. Attempts to demonstrate a 
similar effect of insulin in mammalian muscle have failed (4). If the effect of insulin 
on the hexokinase reaction (s) is the major site of action of this hormone, it might 
be anticipated that pyruvate would be utilized in the normal manner by diabetic 
tissues. 

It was therefore of interest to compare the utilization of pyruvate in diabetic 
and normal tissues and to supplement the respiratory findings with chemical balance 
studies of pyruvate. Sodium pyruvate labelled with C“ in the alpha position was pre- 
pared so that the extent of the oxidation of pyruvate to CO2 and of its participation 
in fat and protein metabolism could be followed. Similar experiments with diaphragm 
in place of cardiac tissue were also carried out. The utilization of sodium acetate 
labelled with C” in the carboxyl position was also measured for comparative purposes. 

METHODS 

The methods for measuring respiration and substrate utilization have been described in the 
preceding paper (6). The animals used for the study of diaphragm muscle were approximately 200 
gm. in weight so that the muscle was approximately the same thickness (ca. 0.4 to 0,5 mm.). The 
diaphragm was carefully dissected free of fat and connective tissue and one quarter of a diaphragm 
was used in each flask. The animals were fed Purina Dog Chow ad libitum and were not fasted before 
death. 

Diabetic animals were prepared by the injection of alloxan administered subcutaneously (200 
mg/kg. of body weight) or intravenously (40 mg/kg.). Only animals with continued, severe glycosuria 
and hyperglycemia were used. These animals exhibited pronounced polyphagia, polydipsia and poly- 
uria, but did not develop gross ketonuria. In general, these animals maintained their body weight 
and appeared healthy. 


Received for publication May 9, 1949. 

^This study was supported by a grant from the Life Insurance Medical Research Fund and from 
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RESULTS 

Mclaholhm of VnlahcUcd Pyruvate. Prclitnin.'iry experiments v/crc fjerformed '.vitli 
unlabelled pjTuvatc. Table i presents the results of respiration arul pynivate utiliza- 
tion measurements in cardiac slices from ii tliabctic animals. The average rate of 
respiration of diabetic heart slices in the absence of added substrate is approximately 
2$ per cent higher than v.-ith normal slices. The addition of 5 m'.r/l. of pyruvate 


Tabu: x. Utilization' or ryRin'Aix uy diadktjc rat vrnteiclt: 


HAT NO. 

DUKATION 
OF DUIIKTES 

PLOOD 

SCCAR 

~ 0 oi 

0 tACTAlX* 

“Co* 

i 

~0 rvsp- 

VAtT.l 

i j 0 ih-sru.v! -r in'Jcu::’ 

1 ^ 


Dayt 

nr.Tc 

Xo sultstfole 


J'y’Bt sU s «v/L 

10 

10 


11.5 

1.43 

15.6 

5 -iS 

4.25 

2-33 1 2.03 

II 

16 

450 

8.7 

1.36 

14. 1 

5.0S 

4.59 

1. 85 1 

12 

J 4 

250 

S.4 

0.60 

14.7 

4-56 

2.79 

2-37 1 2.92 

13 

10 

375 

10.9 

1.20 

I 3>4 

5.62 

2.94 

5.S8 j 4.07 

14 

24 

600 

II. 0 

1.56 

» 5-7 

7.00 

4 *57 

3-99 i 3-87 


31 

400 

II-S 

1 21 

15.2 

5 >83 

4.59 

2.45 i 2-77 

16 

67 

400 

10.4 

i. 6 i 

13-7 

5-97 

4-97 

2. 61 i 


57 

530 

13-5 

1.63 

13-4 

S- 5 I 

3.60 

1. 54 ; 

iS 

52 

500 

12.5 

I.I3 

13. 8 

6.19 

4.5J 

2. Si 1 

ip 

55 

525 

13.7 

I.5I 

15.6 

7-75 

5.98 

3.30 1 

20 

57 

525 

13-2 

1.69 


6.72 

5*57 

3-04 1 

Av. 


455 

11.4 

1.36 

14.6 

5-94 

4.56 

2-74 3.13 

S.E.M. 



±0.5 

±0. 10 

±0.3 

io. 2S 

io.30 

iO.23 1 =:0.5S 

>1 

Av. 9 normal rats 


S.g 

0.69 


— 

2.86 

\ 

5-05 j 

S.E.M. 



io .6 

±0.07 



rfco. 17 

±0,43 j 


3.21 

5-50 

B 

B 

4.92 

5.78 j 


* QLsetato = microHters of lactate produced/mg. of drj’ tissuc/hr. 

' — Qpyruvato = microliters of pyruvate disappe.aring/mg. of dry tissuc/hr. 

® ‘Detin,’ 200 gamma/flask was utilized ccccpt in Exper. ij in which 100 gamma per flask of 
cr3'stallinc insulin ‘Lilly’ was added. 

*t = the significance factor of Fisher (Fisher, R. A. Slalistica! Methods for Research Workers, 
(4th ed.) Edinburgh: 1932). 

produces a 28 per cent increase in the rate of o.xygen consumption of diabetic heart 
in contrast to the 73 per cent increase in normal heart muscle, although the — Qoj 
in the presence of pyruvate is approximately the same for diabetic and normal slices. 

The total pyruvate disappearance {—Q pyruvate) is iS per cent lower in the 
diabetic than in the normal animals. The p3’Tuvate disappearance corrected for lactate 
production (Net ~Q pjmuvate) (6) is 46 per cent lower in the diabetic animals. 
The addition of insulin in vitro in 5 experiments produced no significant effect on the 
pyruvate utilization of diabetic ventricle slices. 
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These results indicate that the in vitro utilization of pyruvate is depressed in 
diabetic cardiac muscle. In order to determine whether this disturbance of metabo- 
lism was peculiar to cardiac muscle, similar experiments were performed using 
rat diapliragm muscle. The results are presented in table 2. It is apparent that the 
in vitro utilization of pyruvate is depressed in diabetic rat diaphragm. 

Metabolism of Labelled- Pyruvate. Since the chemical measurement of pyruvate 
disappearance does not indicate the end products of its metabolism, it was of interest 
to determine directly the amount of pyruvate oxidized to CO2. The above experiments 
were repeated using pyruvate labelled with C“ in the alpha position and measuring 


Table 2. Pyeuvate utilization in normal and diabetic rat diaphragm 


EXFER. NO. 

DURATION 
OP DIABETES 

BLOOD 

SUGAR 

1 

Qot 

m 

—Qoi 

“OpRVU- ■ 
VATE 

■ 

NET 

”^pyau- 

VATE 


Days 


No substrate 

Pyruvate smta/l. 


Diabetic 


204 

10 

375 

<5.3 

0.36 

7-7 

2.92 

1.70 

1.58 

205 

4 

350 

6.4 

0.37 

7.0 

3.00 

1.67 

1.70 

2o8 

30 

400 

6-3 

0.76 

7.0 

2.30 

1.87 

1. 19 

2 I 6 

67 

400 

6.7 

0.69 

7-5 

2.57 

2.14 

1. 12 

Av. 



6.4 

o.SS 

7-3 

2.70 

1.8s 

i.40±.i4 





Normal 





20 P 



6.0 

o-iS 

7-7 

3.58 

1.33 

2.48 

210 



7.8 

0.09 

8.3 

2.84 

1.57 

1.36 

211 



8.3 

0.06 

9-3 

4.04 

1.80 

2.30 

212 



7.2 

0.37 

10. 0 

3-51 

1.99 

1 .89 

215 



5.8 

0.43 

5.9 

5.38 

2.59 

3.22 

Av. 



7.0 

0.22 

8*2 

3.87 

1 .86 

2 . 2 S±. 3 I 


the total activity in the respiratory CO2. The oxidation of pjnruvate (designated as 
■“Qpynivate) was calculated from the percentage of the total radioactivity in the flask 
as pjTTUvate that appeared in the respiratory CO2, assuming that for each atom, 
two additional unlabelled C atoms from pyruvate appeared in the respiratory CO2. 
The data are presented in tables 3 and 4. The radioactivity incorporated into the total 
fat (-Qp^vate) and protein (—Qp^-^ate) fractions of the tissue was also measured, 
and for convenience in making comparisons with analytical data, is expressed as 
microliters of pyruvate per milligram of dry tissue per hour. 

The oxidation of pyruvate to CO2 is markedly depressed in the diabetic heart 
and diaphragm. It accounts for 80 to 85 per cent of the non-lactate pyruvate dis- 
appearance in both normal and diabetic heart slices, whereas it accounts for only 55 
and 39 per cent in normal and diabetic diaphragm respectively. The incorporation of 
C“ from pyruvate into fat and protein is approximately the same for diabetic and 
normal tissues, although the percentage of the total pyruvate disappearing which is 
thus converted is higher in the diabetic than normal tissues. Approximately five times 










264 


PEARSON, nSIEII, DOTOIT AND HASTINGS 


Vi'iuni! 


as much C” from pvTUvate is incorporated into fat plus protein of diaplsragm muscle 
as compared to heart slices. In other e.vpcrimcnts (7) aarried out by TJr. Viilec of 
this laboratory* it lias been found that from pyruvate is incorj)oratcd into glycogen 


Table 3. UmizATio.s* or C** labeltxd pyruvati: v: biabetic bat \7::crEiCLr. 


RAT KO. 

-Oo, 

btACTATr 

i 

1 

■ 

\ 

vatt: 

nn 

i j ! 

1 i 1 

mr ! 'CO, f *r.\r ; *?sOTrr:r 

~Ort.vf- ~C*rg-vT- 

VAtr. vatz ; VATC 1 VAtn 

i 1 

1 ! 1 



; j nu/!. 


DiahUc 


265 

12. S 

1. 12 

19.9 

S.86 

4.07 

5.93 


1 


266 

9.1 

•X.12 

13-2 

6,20 

3.B1 

3.52 

2.39 

i 


267 

I2-S 

1.3S 

16.6 

6. So 

3.36 

4.82 

3.0S 

.0:9 i 

,041 

270 

II. 0 

1.07 

17,7 

6.61 

2.S2 

4.86 

4.05 

.0:9 1 

.057 

275 

12.1 

1.05 

17.6 

7*74 

3-45 

5-34 

4.49 

.050 i 

.c6r 

274 

10.6 

0.64 

17.9 

7.06 

2.64 

5.06 

4 .Sr 

,0:9 1 

.c6S 

Av, 

II. 4 

1.06 

17.2 

7.21 

3 - 3 ^ 

4.92 

3*^7 

.024 j 

.057 

S.E. 






[ —0.12 1 1 


Diabetic + Insulin} 


267 

13.0 

1.05 

17.6 

7.57 

3.26 

5.36 

3.3^ 

.019 

■059 

270 

11.5 

0.97 

IS. 2 

7.14 

3.02 

4.91 

4.54 

.III 

.III 

^73 

13.4 

0-99 

iS.o 

7.14 

3.64 

4.49 

4. CO 

.030 

.c6s 

274 

9.6 

0.60 

iS.s 

7.63 

2.91 

S.34 

4. 84 

.016 

.071 

Av. 

11.9 

0.S6 

17.3 

7.3S 

3.21 

5-03 

4.19 

.044 

.07S 

S.E. 







io,32 




4 Normal 


Av, 

7.2 


20.4 

9.12 

2.49 

7.3s 

6.26 1 

.017 1 .027 

S.E. 


1 





—0.32 j 

1 

1 


4 Normal + ItistiU?} 


Av. 

7.7 

0.62 

19.5 j 

S.6s 2.36 

6.90 j 

6.46 

.020 

.036 

S.E. 



i 


I 

i 

io.3S 




The duration of diabetes in these animals varied from 5 to eS days with an average of 14 days. 
The blood sugar averaged 3S5 mg. %. 

* Designates labelled carbon. 

^ 200 gamma of crystalline insulin (‘LOly’) "'ere added per flask. 

in normal diaphragm muscle in amounts corresponding to appro.vimately 5 to 10 per 
cent of the total pyruvate disappearing. 

The addition of insulin in vilro had no significant effect on the utilization of 
pyruvate in either normal or diabetic rat heart slices. In diabetic diaphragm, insulin 
in vilro, increased the oxidation of pyruvate 37 per cent, but was without significant 
effect in normal diaphragm. No significant effect of insulin on the incorporation of 
pyruvate into fat and protein of the tissues was obserr^ed in the present e.xperiments. 
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Metabolism of Labelled Acetate. Since the oxidation of fat is believed to proceed 
in normal fashion in diabetic animals, it was of interest to compare the utilization of a 


TaBI^: 4 . , UlILIZAXrON of C^^ XABELIXD pyruvate in eat DXAPHE4G1I 


EAT NO. 

—Qo: 

— QpVEUVATE 

Qiactate 


‘CO 2 

"OpYEnVATE 

•fat 

“CpYSOTATE 

•PEOTEIN 

■"CpYSUVATE 





Pyrinale 5 mis/l. 






Diabetic 




273 

[ 5*5 

3*82 

\ 2-33 

I 1-99 

1 0-54 

1 0,127 

1 0.236 

274 

6.0 

3-01 

I -54 

I-7S 

O.S 3 

0.146 

0.310 

278 

5.6 

2.0S 

1.63 

0.92 

0.78 

O.06S 

0.340 

280 

6.3 

2.32 

r-73 

I 1.06 

0.56 

0,036 

0.240 

Av. 

5.9 

2.81 

1. 81 

' 1-43 

0.60 

0.094 

O.2S2 

S.E. 



1 


dbo.o6 




Dialelic + Insulin 


273 

6.6 

3-34 

1.24 

2.60 

0.78 

0.087 

0-359 

274 

6.7 

2-75 

1. 01 

1.96 

0.78 

0.144 

0.330 

278 

5-7 

3-02 

I-S 9 

2.14 

I. 00 

0.031 

0.19s 

2S0 

6-3 

2.46 



0.72 

0.049 

0.216 

Av. 

6-3 

2.89 

1.25 

2.23 

0.82 

0.078 

0.27s 

S.E. 





±0.06 




Normal 


275 

6.4 

4.44 

1.67 

3-03 

2.32 

0,123 

0.179 

276 

7.2 

5-33 

0.73 

4.76 

2.19 

O.OS 9 

0.294 

279 

6.2 

2.79 

1.34 

1.90 

1.30 

0.045 

0.238 

282 

7-3 

5 -OS 

1-39 

3-90 

1.65 


0.14s 

Av. 

6.8 

4.40 

1.28 

3-40 

1.87 

0.077 

0.219 

S.E. 





±0.22 




Normal + Insulin 


275 

7-5 i 

4.44 

1-74 1 

3-03 

2.29 

0.115 1 

0.300 

276 

8.2 

4.86 

0.38 

4.40 

2.29 

0.036 

0.370 

279 

7.4 

3-13 

i. 3<5 

2.21 

1.68 

0.04S 

0.262 

282 

6.9 

4.19 

1-39 

3-27 

1.42 


0.140 

Av, 

7.5 

4.x6 

1 

1.27 

3-23 

1.92 

0.066 

0.268 

S.E. 





±0,22 




* Designates labelled carbon. 

The average duration of diabetes in these animals was 12 days. The average blood sugar 
at death was 389 mg.%. 


2 carbon substrate, such as acetate, under conditions similar to those for pyruvate. 
Acetate labelled with in the carboxyl position was used for this purpose. Oxidation 
of acetate to CO2 was determined by measuring the radioactivity in the respiratory CO2. 
The radioactivity in the total fat and protein fractions of the tissue was also measured. 
The data are presented in tables 5 and 6. It appears from the data that acetate is 
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oxidized as readily in diabetic as in normal heart slices. In dialretic diaphragm, 
however, acetate oxidation is depressed 43 per cent below that of nonnal diapliragm. 
Addition of insulin in vitro had no cflect on acetate oxidation in either tissue. The 
incorporation of acetate into fat and protein is veiy small for both heart and dia- 


Tabu: 5. UnuzATio;.* or C“ iAnni,r.nD acctati; ix orAnime jiat vnsTaicij; 


»AI NO. 


\ “Ooj 

1 

j ‘COi i Vat 

“Oxatrusr. i ~^ArrrArr. 

! 1 

1 "^ACrTATr 


.Yo suhstralf 

Attistt s nit/t. 


Dsahdlc 


265 

12.8 

17.2 

5-05 


[ 

266 

9-1 

1.5,8 1 

2.31 

i 


270 

II. 0 

13.4 

2.52 j 

i 

1 

m 

21. 1 

13.1 

1 5-46 

' .00.} 1 

J .cc6 

274 

10.6 

16.2 

1 6.50 

i .003 1 

^004 

Av. 

II. I 

[ 14.9 

4.31 

.CO4 1 

.005 

S.E, 


1 

1 

1 

21:0.82 

1 ! 

1 

' i 


Diabetic + Insulin 


267 

12-5 

» 3.9 

2.36 


1 

1 

270 

n.s 

13.2 

2.74 


1 

273 

13.4 

15.0 

5 - 4 S 

.002 

.007 

274 

9.6 

15.7 

6.20 

.002 

.005 

Av. 

ir.S 

14. 5 

4.19 

.002 

.006 

S.E. 



±0.74 




5 Normal Rats 


Av. 

6.6 1 

12,2 1 

1 

! 3.79 

.005 

! .006 

1 

S.E. 

j 


■ 

dbo,67 j 



Av. 

7-5 1 

5 Normal Rats + Insulin 
[ ii-S j 3-47 

.003 

j .006 

S.E. 



[ ±0.52 

i 

] 



* Designates labelled c.arbon. 

The average duration of diabetes in these animals was 15 dai-s. 
The average blood sugiir at death was 376 mg. %. 


phragm. The values given in the table are of questionable significance since the counts 
were only slightly above background level. 


DISCUSSION 

The experiments presented above were planned to add information on the role 
that insulin plays in the metabolism of pyruvate, a key intermediary' metabolite. 
The observation that the heart and diaphragm of diabetic animals have a diminished 
ability to metabolize added pyruvate is in agreement with the results of Shorr who 
studied the lactate and pyruvate metabolism of depancreatized dog heart slices. 
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It would further appear from our observations that the utilization of the pyruvate 
which is metabolized by the heart and diapliragm of diabetic animals is abnormal 


Table 6. Utilization of C“ labelled acetate by rat diaphragm muscle 


SAT NO. 

1 

0 

0 

*CO: 

~Oacetate 

•rAT 

"■Qacexate 

•PEOTEIN 

~Qacetate 


Acetate 5 tms/l. 


Diabetic 


273 

6.1 

1.67 

.001 

.008 

274 

6.6 

2.28 

.003 

.023 

27S 

4.9 

1. 61 

.000 

.020 

280 

6.4 

2.26 

.002 

.024 

281 

5-9 

1.56 

.005 

.ois 

Av. 

6.0 

1.88 

.002 

.018 

S.E. 

1 

±0.16 




Diabetic + Insulin 


273 

6.4 

1.60 

.003 

.018 

274 

6,0 

1.66 

.003 

.030 

278 

5-6 

1.62 

,000 

.oil 

280 

6.1 

2.29 

.003 

,020 

281 

S.6 

1 .S 3 

,004 

.022 

Av. 

5-9 

1.74 

0 

0 

.020 

S.E. 


±0.14 




4 Normal 


275 

6.6 

3-85 

.oil 

.044 

276 

6.S 

3-36 

.001 

CO 

w 

0 

279 

6.0 

2.66 

,000 

.016 

282 

6.8 

3-32 

,000 

.016 

Av. 

6.5 

3 - 3 ° 

.003 

.026 

S.E. 


±0.24 




4 Normal + Insulin 


275 

6.1 

3-17 

.009 

.016 

276 

7.2 

3-54 

.003 

.028 

279 

7-4 

3-07 

.000 

.017 

282 

7-0 

3-34 

.004 

.030 

Av. 

6.9 

3-28 

.004 

.023 

S.E. 


dbo.io 




* Designates labelled carbon. 

The average duration of diabetes in these animals was ii days. 
The average blood sugar at death was 402 mg. %. 


in two other respects; i) a greater proportion of the pyruvate is converted to lactate 
than in normal tissue and 2) a smaller proportion of the pyruvate is converted to CO2. 

Oxidation of acetate to CO2 is unchanged from normal in diabetic heart muscle, 
but diminished in diabetic diaphragm. There is no obvious explanation for this differ- 
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encc. It would be of interest to study the oxidation of a 4-carbon metabolite, such 
as acetoacctale in normal and diabetic muscle. 

Added insulin had no significant effect in correcting these metabolic abnormalities 
save in one series of experiments, namely, the diaphragms of diabetic animals. In 
this series, insulin increased the CO; production coming from the labelled p^TU^'ate, 
increased the net pjTuvate utilized, and dbninished the lactate production. The 
addition of insulin did not, however, restore these quantities to their normal values, 
nor were any insulin effects demonstrable in cardiac muscle. Wliethcr this is due to 
failure to obtain an adequate intracellular concentration of insulin or some other 
factor is not known. 

At all events, it would appear that in insulin insufficiency, produced by allo.xan, 
there is diminished ability of cardiac and diaphragm muscle to cany^ out the steps 
required to convert pyruvate to CO:. 


SmiMLARY 

The metabolism of pyruvate and acetate in cardiac and diaphragm muscle of 
normal and diabetic rats has been studied, in vitro. Oxygen consumption, pvTUvate 
utilization, lactate production and the C" 0 : production from CITjC”OCOOH and 
CHaC^OOH have been measured. 

Diminished pyruvate utilization has been observxd in botli cardiac and dia- 
pliragm muscle of diabetic animals. Addition of insulin, in vitro, inCTcascd the con- 
version of labelled pyruvate to C^^O: in the diaphragms of the diabetic animals but 
not in oirdiac muscle. Diminished acetate utilization has been obsers'cd in diabetic 
diapliragm muscle, but was unchanged from normal in diabetic heart muscle. Addi- 
tion of insulin, in litre, had no effect on the conversion of labelled acetate to C“0:. 
Measurement of the radioactivity of fat and protein fractions revealed tliat 
incorporation from CHjC'^OCOOH was five-fold greater in diaphragm tlian in 
aardiac muscle. 
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METABOLISM OF THE HEART IN RELATION TO DRUG 
ACTIONS IV. EFFECTS OF VARIOUS SUBSTRATES 
UPON THE ISOLATED PERFUSED RAT HEART 

KAZUEIO NAKj\.MURA,2 PAUL R. SAUNDERS, J. LEYDEN WEBB, HOMER 
C. LAWSON AND CLINTON H. THIENES 

From the Department of Pharmacology and Toxicology, School of Medicine, University of 

Southern California 

DOS ANGEDES, CALEFOENIA 

T he raammalian heart has been shown to be capable of utilLsing various sub- 
strates. This conclusion is based upon measurements of increased oxygen 
utilization and substrate disappearance in various types of surviving beating 
heart preparations (heart-lung, heart-oxygenator, isolated perfused, etc.), and in 
heart tissue preparations (slices, minces, homogenates, etc.) (see references in discus- 
sion). There are very few data, however, on the effects of many of these substrates 
on the functional activity of the ‘normal’ isolated perfused heart, or on the activity of 
the isolated perfused heart which has been made hypodynamic by perfusion with a 
substrate-free medium. As part of an investigation of the metabolic actions of various 
cardiac drugs, we have studied a) the effects of various concentrations of a number of 
possible substrates on the ‘normal’ isolated perfused rat heart, and b) the relative 
abilities of these substances to restore the activity (measured chiefly by amplitude of 
contraction) of the heart following prolonged perfusion on a substrate-free medium. 

METHODS 

Rat hearts were perfused by the Lang endorff method through the aorta, at a perfusion pressure 
of 24 cm. of water. Male albino rats (200-300 gm.) were decapitated, the heart cannulated’, rapidly 
excised, and attached to the perfusion apparatus. It was essential that the perfusion be started 
within 3 minutes, in order to avoid early failure. The heart was suspended in the central air-well 
of an ordinary glass angel-food cake baking dish in the central part of which a hole had been drilled. 
The dish served as a constant temperature bath which was maintained at 37.5°C., and the perfusion 
fluid was warmed to this temperature by circulation through a glass coil immersed in the bath. The 
perfusion was carried out by attaching one end of this coil to the cannula through the center hole of 
the dish (fig. i). The perfusion medium used was that described by Chenoweth and Koelle (i) and 
was aerated with 95 per cent oxygen — 5 per cent carbon dioxide. The standard medium used contained 
o.oi M glucose. The various solutions to be tested were connected by means of a five-way attachment 
to the warming coil, and when the solutions were changed the previous solution was first drained 


Received for publication, May 9, 1949. 

1 Supported by a grant from the Life Insurance Medical Research Fund. 

2 Some of the data of this report are from a thesis presented by Miss Kazuko Nakamura to the 
Graduate Council of the University of Southern California in partial fulfillment of the requirements 
for the Master of Science Degree. 

® Heparin was added to the medium in the cannula to decrease the likelihood of clot formation 
before the perfusion was begun. 
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from Uic coll to nn outside receiver, in order that the nciv solution would reach the heart vrithia a 
period of one minute, 

Tlic contractions of the heart were recorded with a Gimh!c-t>'pc lever, using cillicr smoked 
paper or an ink-writcri. Approximately one hour was required for the activity of the heart to become 
constant, and no experiments svcrc performed unfit constant activity had Irecn obscn-cd for a period 
of at least ig minutes. Heart rate and coronarj* flow were measured, but since the changes could 
not be correlated with other data, the values arc not rc[>ortcd. 

The substrates used were previously dcscriljcd (2) except for oxalacclic add (Bios) and ^-hy- 
droxybutyric acid (Bios). All substrates were used as the senium rails, ncutra!h:e<l to pn 7.5. All 
media were prepared fresh each day with redistilled water from a concentrated stock solution con- 
taining no glucose or sodium bicarbonate. 

Each substrate was tested on at least two hearts in Iwth Dpes of experiments described below 
and on at least three Kcarls if a pronounced effect was observed. 

The following two general types of c.t{>criments were carried out. 

Part I. Direct Effects of Substrates. Following the initial equilibration period with 
the standard glucose medium, the latter was replaced by the test medium containing 
various concentrations of substrate in place of glucose. The test medium was ordi- 


iuyuuj 


RUSSCR 
CONNtCTtONS 


attachucht to 

”pCRruSION SOLUTIONS 


CANNULA 



CONSTANT- 
TCUPCRATURC 
BATN 
■ heart 
WARM I NO 
COIL 
LUC I TC 
SHCCT 


TO WRITING LEVER 


Fig. I. ScnnUATic diacrau of perfusion 
apparatus 


narily perfused for 5 minutes after \vhich standard glucose medium was again perfused 
for 10 to 15 minutes, or for a longer period if necessary to attain a constant level of 
activity. The other concentrations of substrates were then tested in the same manner. 
Usuall}'- the lowest concentration was tested first, and the successively higher concen- 
trations subsequently. Recovery on the standard glucose medium following depression 
with a substrate varied with the substrate and the concentration tested, but further 
substrate testing was frequently carried out in spite of failure to recover completely 
on glucose. There was, in general, a slow decline in amplitude of contraction even on 
the standard glucose medium, but this decline did not significantly affect the results 
obtained during the short test periods. 

Part II. Relative Abilities of Substrates to Restore the Activity of the Substrate- 
Depleted Heart. Most of these e.xperimcnts were carried out in the following manner: 
Following the initial equilibration period with the standard glucose medium, the latter 
was replaced by the same medium containing no glucose or other substrate, and per- 

< In experiments through No. 74 recording was done on smoked paper, and in all subsequent 
e.xperiments a considerably lighter ink writer was used. The generally greater amplitudes shomi for 
the later experiments are due to the use of this lighter lever writing with less friction, and do not 
signify a more active heart preparation. 
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fusion on this substrate-free medium was continued until the amplitude of contraction 
had decreased to about one-third the initial value. The glucose-free medium was then 
replaced by a medium containing various concentrations of the substrate under in- 
vestigation. Each concentration was usually tested for a 5-minute period, and then 
replaced by the standard glucose medium, in most cases for about 10 to 15 minutes, 
or until a constant level of activity was attained. The lowest concentrations were 
usually tested first, followed by successively higher concentrations. One hour or 
longer was usually required for the amplitude to decrease to one-third its initial value, 
when perfused with substrate-free medium for the first time, but subsequently the 
desired percentage depression occurred in 10 minutes or less, due probably to relative 
exhaustion of endogenous substrate during the first prolonged perfusion. 

In addition to the above experiments which were carried out on all of the sub- 
strates, further investigations were made mth those substrates which produced some 
recovery following the substrate-free perfusion, in order to determine the extent and 
duration of recovery following depression to nearly zero amplitude of contraction. 

RESULTS AND DISCUSSION 

Part I. Direct Effects of Substrates. Typical results obtained when the standard 
glucose medium was replaced by various concentrations of different substrates usually 
for 5-minute periods are given in table i. The amplitude of contraction on the stand- 
ard glucose medium immediately before perfusion with the test substrate is given for 
each concentration tested, as the level of activity of the heart may be of importance 
with respect to the nature and magnitude of the response to a given substance. The 
substrate concentrations were tested in the order given in the table. 

It is seen in table i that none of the substrates tested increased the amplitude of 
contraction of the heart at any of the concentrations tested. Glutamate at several 
concentrations between 0.0005 m and o.oi M did increase the amplitude of contraction 
by as much as 50 per cent in several experiments, but the effect was not obtained 
consistently and its significance is uncertain at present. Most of the other substrates 
produced varying degrees of depression with increasing concentration, which was 
sometimes overcome by subsequent perfusion on the glucose medium, and sometimes 
not. An attempt was made to test the substances over a wide range of concentrations, 
in order to determine the concentrations producing no effect, those producing a 
threshold effect, and those producing a pronounced effect. Forssman and Lindsten (3) 
found that succinate and malonate frequently increased slightly the contraction am- 
plitude of isolated perfused rabbit hearts, and that citrate, a-ketoglutarate, aconitate, 
and glutamate produced either no effect or depression at the various concentrations 
tested. 

Part II. Relative Abilities of Substrates to Restore the Activity of the Substrate- 
Depleted Heart. The substrates investigated in Part I were next tested for their ability 
to restore the activity of the heart following prolonged perfusion on a substrate-free 
mediurii, as described under Methods. Typical results are given in tables 2 and 3. 
The concentrations were tested in the order given in the tables, and were usually 
those which had no effect on the 'normal’ perfused heart (see Part I). Table 2 gives 
those compounds with which no recovery was observed at any concentration tested. 
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Tadlt: X. Action' or variocs sonsTitATr;? os rm: AMn.m;»r. or coNTnAcno;: or Tin: rnRFi;sr-D 

p.AT itr.Ar.T 


rxr, 

KO. 

TEST StinSTRATT. 

1 Aurtiri'D): 

1 fit A on- 

■TAtjri’o oran;j 

! m-r 

■ sersesiArr.' 

! 

f %orA oc- 

, 1 nvij:r< 

' 1 cu'Ci^rz 

1 (AJTfrs rr.tz 
f svnmxTt)^ 

Substrate 

Cone. 

; rotlwinn 
; ef|uilibrisi'>ni 

1 During ^t'jccie 



Jf 


< rtrs. 

I 

J 

1 

63 

Acetate 


1 25 (75) 

i 

{ 

i 

1 



S X io-‘ 

i 

1 

i So 

] So 



2 X 10"’ 

1 

j 

iS 

■ 61 

1 0 : (3) 



I X 10 "’ 

1 


1 6 r (a 5 

! 93 (5) 



5 X 10-: 

1 

9 

. .t 4 (1) 

1 ICO (2) 

87 

/ 3 'liydrox>'-bntyr- 


1 75 (49) 


i 

f 

! 


ate 


i 


\ 

/ 



I X io"‘ 

i 

75 

1 99 

i ICO 



I X lo"’ 


76 

\ 101 

1 97 



I X 10 "’ 


73 

I 97 

! 93 

72 

Caprylntc 


22 (74) 


j 

I 

1 



4 X lo-* 


22 

1 

1 77 (1) 



2 X 10"’ 


14 

! 74 

1 74 (1) 



I X io-< 


! 9 

78 

■ 89 ( 3 ) 



S X io-‘ i 

i 

7 

79 

i 79 (9) 



2 X 10"’ 

i 

6 

0 (j) 

1 ® 







1 0 ( 6 d) 

S8 

Citrate 


50 (43) 






I X io"< 


30 

107 

97 



S X io"‘ 


29 

9.5 

00 



2 X 10"’ 


26 

Si 

^ < 2 ) 

91 

Fumaratc 


i So (72) 






I X 10"’ 


So 

io 5 

III 



1 X lO"' 


So 

ICO 

105 



1 X 10"’ 


64 

100 

103 



r X xo"’ 

! 

61 

loo 

97 

106 

Glutamate 


6S ( 57 ) 

■ 1 





S X io"i 


6S 

96 

103 



2 X 10“’ 


67 

94 

94 



I X 10"’ 


64 

ss 

89 



5 X io"= 


57 

! -0 

Sr 

82 

Lactate 


60 (89) 



! 


I 

I X io-< 


60 

100 

! 100 (2) 



3 X io-< 


57 

90 

90 



I X lo-’ 


48 

S3 

S3 



S X lo"’ 


41 

06 

S6 

61 

L-Malate 


43 (37) 






I X io-< 


43 

93 (2) 

86 



5 X lo"’ 


32 

75 

69 (3) 



2 X 10"’ 


19 

47 

SS ( 5 ) 



1 X 10"’ 


10 

70 

90 



s X I 0 -’ 


s 

0 

75 (3) 

92 

Oxalacetatc 


76 (51) 






I X 10"^ 


76 

92 

94 



S X 10"’ 


71 

92 

92 



2 X 10"’ 


64 

95 

92 



I X 10-’ 


6r 

90 

102 
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Table i — Condnued, 


EXP, 

NO. 

^ TEST StTBSTRATE 

^ AMPLITUDE 

% OF A OB- 
TAINED DUPING 
TEST 

SUBSTRATE* 

%0T A OB- 
TAINED DTOING 
GLUCOSE 

(aetee test 
substeate)* 

Substrate 

j Cone. 

Following 

equilibration* 

During glucose 1 
A 



M 

tnm. 




54. 

Pyruvate 


34 (S3) 






I X IO~3 


26 

96 

100 



s X 10-3 


26 

61 

100 



I X 10-2 


26 

27 (if) 

96 (s) 

59 

Succinate 


30 ( 14 ) 






S X lo-^ 


30 

100 

no 



2 X io “2 


36 

97 

100 



I X 10-2 


35 

94 

94 (7) 


1 

s X 10-2 j 

1 

3 ^ 

26 (i) 

100 ( 2 ) 


^Amplitude after initial equilibration period, prior to first perfusion with a test substrate. 
The value in parentheses is the time in minutes of this initial period. 

“ All values are for the amplitude measured 4 minutes after the beginning of perfusion on the 
particular medium, unless otherwise indicated by the time in minutes given in the parentheses. 

and table 3 those with which recovery was obtained at limited concentrations. It is 
seen in table 3 that glucose, pyruvate, acetate and /5-hydroxybutyrate produced 
varying degrees of recovery at several concentrations following depression of the heart 
to one-fourth to one-half the initial amplitude while on substrate-free medium. It 
should be noted that the recovery produced by the latter three substrates was approxi- 
mately one-half to two-thirds that subsequently obtained with the standard glucose 
medium. 

Table 3 also gives the results of experiments with glucose, pyruvate, acetate, 
and jS-hydroxybutyrate in which the perfusion on substrate-free medium was contin- 
ued until the amplitude of contraction was almost zero before changing to the 
substrate medium, and it is seen that varying degrees of recovery were obtained under 
these circumstances. 

Experiments were also carried out with the optimal concentrations of glucose, 
pyruvate, acetate and /3-hydroxybutyrate following depression to almost zero ampli- 
tude of contraction by prolonged perfusion on substrate-free medium, in which the 
subsequent perfusion with the test solution was continued for longer periods to deter- 
mine the relative duration of the recovery (fig. 2). It is seen that glucose produced the 
greatest recovery, and that the duration of the effect was much greater with glucose 
and pyruvate than with acetate or /3-hydroxybutyrate. 

Utilization of pyruvate by the dog heart has been shown by measurements of 
pyruvate disappearance in heart-lung, heart-oxygenator, and open chest preparations 
(4, 5), but evidence as to the ability of pyruvate to restore the activity of the sub- 
strate-depleted heart was inconclusive (4). Monkey hearts have been perfused with 
pyruvate and also with acetate as sole carbon sources, but no data were given as to 
their relative ability to maintain the heart compared to glucose (i). Our work indi- 
cates that pyruvate, although inferior to glucose as a substrate, will restore the 
activity of hearts that have been depressed to zero amplitude of contraction by sub- 
strate-free perfusion, and will maintain activity for a period of at least 3 hours. 
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Barcroft dal. (6, 7) were able to maintain tiie isolated perfused rabbit heart for 
a two to three times longer period wdlh Locke’s solution containing acetate as the 
sole carbon source than with a substrate-free Locke’s solution, and shov.'cd that 
acetate disappeared from the perfusion medium. The isolated cat heart has been 


Taclc 2. AcTtoN or variou.s .suhstratks wjiicii ran, to j?.*CRr.Asi: Tin: Aur'i.iTi:oK or coNTrAcrion 
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! 
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rotio^in, 1 
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j taintd 

NO, 
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< 
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; t.rf.KTr-rnTX 
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i. 

1 rrsT 
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i {Arrt* Ttvr 
; scpsmrrP 
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Ciprylatc 

! 4 X io-« 

3S (42) ] 

1 i 

■ i 

j 

1 1 

1 ! 

56 

\ 

3’ fs) 

1 

; 56 (9) 



! 2 X 10-5 


i " i 

67 1 

44 (0 

4 9 
"f-** 

ss 

Citrate 

5 X io-‘ 

30 (43) 1 

1 

i 

9 1 

1 7S 1 

0 (1) 

: 55 (2) 

55 

Fumarate 

I X io-> 

33 (40) 

i 

i i 

1 i 

i 

i 

1 21 (i) 

i 

' S3 

57 

Fumaratc 

S X io-‘ 

3S (23) 

' 3S 

: i 

21 i 

1 

5 (0 

i 6s fs) 

09 

i 

Glutamate 

5 X io-« 

2 S (93) 

30 

1 45 

30 (2) 

j 

; 75 (9) 

i 


2 X 10“’ 


JS 

40 

20 (2) ! 

i So (0) 

S3 

Lactate 

I X io-< i 

8s (74) 

Ss 

24 

■ i 

1 

; 52 



i 




1 

; 3 S (20) 


i 

3 X io-‘ 

1 


32 

2S 

23 

' j 

i 3S 

63 

Malatc 1 

1 

i 

I X I 0 “* j 

35 (52) 

14 

86 

i 

42 (2) 

j 47 (9) 

1 S7 

71 

O.’calacctatc 

I X to“< 

33 m 

22 

46 

1 35 (2)’ 

! 



5 X 10-’ 




41 (4)’ 




2 X 10“’ j 




32 (2)’ 

6S (10) 



5 X io~* 


15 

67 

47 

1 S; (s) 



2 X 10"’ 


J3 

54 

39 (3) 


so 

Succinate 

2 X IO-’ 

34 (129) 

26 

SS 

44 

100 (0) 

i 


' Sec footnote i to table i. -See footnote; to table i. ’ Solutions changed directly from 
one to another. 


demonstrated to utilize acetate containing C’* (S). Our e.xperiments indicate that 
acetate can partially maintain the mechanical activity of the rat heart when it is the 
sole e.xogenous substrate present, but that it is much less effective than pyruvate or 
glucose in this respect. 

Added / 3 -hydro.\-ybutyrate disappears from the blood in dog heart-lung prepara- 
tions (9, 10), but these obser\'’ations were not correlated with the maintenance of 
mechanical activity. We have demonstrated that /S-hydroxybutyrate will stimulate 
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Table 3. Action of various substrates which increase the amplitude of contraction of 

THE SUBSTRATE-DEPLETED RAT HEART 



TEST SUBSIBATE 

Asn»i.m 7 D£ 

7 ootA 

DURING 

%OtA OB- 

% 0 T A OB- 
TAINED DURING 







TAINED DURING 

NO. 

Substrate 

Cone. 

Following 

equilibration* 

DUSING 

glucose 

A 

STEATE- 

rSEE 

MEDnm* 

TEST 

SUBSTEATE* 

(aeiee test 
substeateI* 



11 

frtm» 

mm. 




67 

Acetate 

2 X io ~5 

34 (42) 

20 

35 

30 (1)3 




I X io-< 




28 (1)3 




S X 10-* 




ss® 

80 (14) 



s X 10-* 


16 

38 

6s 

87 (14) 

76 
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S X lo-i 
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4 S 

24 

69 

91 



2 X 10-3 


43 

26 

80 (7) 

96 (9) 

81 
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s X io-< 

65 (42) 

8S 

26 

55 


90 
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S X lo-i 

81 (S 2 ) 

81 

I 

6 

10* 

100 
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s X io-< 

8s (72) 

8S 

I 

6 (8) 


88 

/ 3 -hydroxy-butyr- 


76 (80) 
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76 

24 

22 

37 
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31 

39 

49 

66 



I X 10-2 


22 

45 

73 

86 



I X 10-2 


IS 

S 3 

80 

80 

lOI 

/ 5 -hydroxy-butyr- 


los (S 3 ) 






ate 

I X 10-2 


los 

2 

II (2) 


102 

jS-hydroxy-butyi- 


52 (73) 






ate 

I X 10-2 


52 

4 

14 


70 

Pyruvate 

I X IO-* 

33 (73) 

22 

36 

23 (i)® 




s X 10-* 




23 (2)3 




2 X 10-3 




55 ® 

73 (2) 

77 

Pyruvate 

s X io-< 

67 (45) 

49 

41 

31 

63 



2 X 10-3 


33 

36 

64 

8S (3) 



2 X 10-3 


28 

29 

46 (2) 

68 (10) 

78 

Pyruvate 

2 X 10-3 

80 (61) 

80 

I 

16 

25 

99 

P 3 TTivate 

2 X 10-3 

loS (53) 

lOS 

I 

10 (9) 


38 

Glucose 

I X 10-2 

28 (93) 

28 

32 

72 




I X 10-2 


20 

35 

92 




I X 10-2 


18 

25 

94 


89 

Glucose 

I X 10-2 

61 (so) 

61 

2 

30 



1 See footnote i to table i. “See footnote 2 to table i. ^ Solutions changed directly from 
one to another. * Changed from acetate to p3TUvate (10 min.) to glucose. 
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hearts partially depressed b}' jjcrfusion on substrate-free medium, and will restore 
for a short period of time tiie activii}* of hearts whicfi have been depressed to zero 
am])litude of contraction. 

It is surprising that as little as 50 per cent depression of th.e heart jicrfused with 
substrate-free medium could not be overcome with lactate since previous work showed 
lactate was more effective than glucose in improving the functional activity of gly- 
cogen-depleted or failitig dog hearts in the heart-lung preparation (ii-ij), and abo 



Fig. 2. Recovery of the substrate-depleted perfused rat heart mth various substrates. 
Hearts were perfused on a substrate-free medium until the contraction amplitude had decreased to 
approximately 1% of its original value at the start of tlic c.xpcrimcnt. Media containing the above 
substrates were subsrituted for the substrate-free medium at o time in the above figure. 

because of the demonstrated utilization of lactate by rat heart slices (2) and homoge- 
nates (14). The product of lactate o.xidation is in all probability p3'ruvate, which is 
capable of maintaining the activity of the rat heart for considerable periods of time 
(fig, 2). It occurred to us that failure of the lieart to function on lactate might be due 
to a deficiency of coenzynie I, which is required for the o.xidation of lactate. Break- 
down of cocnzjTOe I in damaged tissues (15, 16) and anoxic heart muscle (17) and the 
inhibition of the enzj^matic destruction of coenzj’me I bj' nicotinamide (15, 16) Jiave 
been described. Calder (iS) reported that nicotinic acid (1:100,000 to 1:2,000,000) 
and nicotinamide (i : 200,000) cause recovery of failing perfused rabbit hearts in the 
presence or absence of glucose; he suggested that failure may be due to destruction of 
coenzyme I as a result of anoxia incident to experimental technique, and that nicotinic 
acid or nicotinamide can overcome this deficiency. We investigated the effect of 
io~’ M (1:82,000) and io~® it (1:820,000) nicotinamide on the abilitj* of lactate 
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(10“^ M, 3 X io“-‘ M, and io~® m) to restore the activity of hearts depressed by per- 
fusion on substrate-free medium, and were unable to obtain a consistent effect, al- 
though in several instances slight recovery occurred. In these experunents the same 
concentration of nicotinamide was present in all perfusion solutions used with any 
one heart preparation. Additional evidence that coenzyme I deficiency may not be 
responsible for the failure of lactate to restore the activity of the rat heart may be 
inferred from the fact that a transient recovery was obtained with / 3 -hydroxybutyr- 
ate, the oxidation of which to acetoacetate requires coenzyme I (19). 

Our failure to obtain any recovery of activity of the partially substrate-depleted 
rat heart with the other compoimds tested indicates that there is no correlation be- 
tween the utilization of a substrate, as determined by measurements of oxygen- 
consumption of heart slices in the presence of the substrate (2), and the ability of 
the substrate to improve the functional activity of the heart. For example, succinate 
increased the Qo, of the respiring rat heart slices by as much as 350 per cent (2), and 
yet we were unable to demonstrate any effects of this substrate on the restoration of 
the substrate-depleted heart. Many other compounds were shown to increase the 
Qo, of heart slices without having any apparent effect on the functional activity of 
the perfused heart at various levels of activity. 

The results reported in this paper may be due to effects either on the myocardium 
or on some nervous mechanism of the heart, as all of this work was done with spon- 
taneously beating hearts. The restoration of the functional activity of the substrate- 
depleted heart by a substrate could result either from an increase in the activity of 
the pace-maker or other nervous structure, or from a direct effect on the m5’’ocardium 
itself, or perhaps both. We are now attempting to clarify these results by studying 
substrate effects on electrically-driven rat ventricle preparations and on isolated 
auricles. 


SUMMARY 

P3uruvate, acetate, /3-hydroxybut3nrate, lactate, succinate, fumarate, malate, oxal- 
acetate, citrate, glutamate and caprylate have been investigated over a range of con- 
centrations with respect to their action on the ‘normaF isolated perfused heart. 
None of these substances increased the amplitude of contraction, and most of them 
depressed the heart at the higher concentrations tested. The relative abilities of the 
above substances and glucose to increase the contraction amplitude of the heart de- 
pressed by perfusion with a substrate-free medium were investigated. 

Of the substrates tested, glucose was the most effective in restoring the activity 
of the substrate-depleted heart. Pyruvate was the next most effective substrate, and 
acetate and ^-hydroxybutyrate were less effective. None of the other substances 
tested produced any recoveiy. Nicotinamide was ineffective in restoring the activity 
of the substrate-depleted heart in the presence of lactate. 
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ACTION OF A NEW PHOSPHORYLATION DERIVATIVE OF 
THIAMINE ON THE HEART: A STUDY OF THIAMINE 

TRIPHOSPHORIC ACID 
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A ccording to clinical observations (1,2), various cardiac troubles are 
prominent in the symptoms of typical beri-beri, as well as of the less charac- 
terized states of Bi deficiency. Confirmation of these observations has 
been carried out by experiments on animals experimentally deficient and exhibiting 
distiurbances of the formation, rate, conduction and regularity of excitation (3), 
ectopic ventricular rhythm, and even auricular fibrillation (4). Necrotic injuries to 
myocardial fibers have also been described (5, 6). Falzoy (7) reckons that aU cardiac 
deficiences are linked to Bi hypovitaminosis. 

It is well known that thiamine exists in the body in its pyrophosphoric ester 
form, Lohmann’s cocarboxylase, the r6Ie of which has been well studied in carbo- 
hydrate metabolism. Furthermore, Minz (8) and v. Muralt et al. (9) have demon- 
strated a liberation of thiamine during nervous impulse transmission. Also, the 
rdle of adenosine triphosphoric acid (A.T.P.) in carbohydrate metaboHsm, and its 
importance in the mechanism of muscular contraction have been demonstrated. 
The present investigation is directed to the effects of a new phosphorylation deriva- 
tive of thiamine. 

Thiamin-triphosphoric acid (T.T.P.) was recently synthesized by Velluz, Amiard 
and Bartos (10, 1 1) and studied for its coenzymatic properties. Its obvious chemical 
relationship to thiamin-pyrophosphate and A.T.P., and the importance of cardiac 
damage in the course of Bj deficiency, induced us to investigate whether or not T.T.P 
exerted beneficial pharmacodynamic effects on cardiac disturbances experimentally 
producible. 

T.T.P. has only a slight toxicity; the average lethal dose for the mouse, intra- 
venously, is approximately 0.16 mg/ gm. of body weight. Through the whole course 
of this study, we used T.T.P. in saline. Ringer’s or Tyrode’s solutions at a pVL of about 

7 - 5 - , 

We have studied the action of T.T.P. upon the foUowmg: a) the normal excised 

frog’s heart and its experimental dysfunctions (12, 13); U coronary output of the 
excised rabbit’s heart (13) ; and c) fibrillation of the rabbit’s heart in situ (14). The 
action of T.T.P. is compared to that of related substances, i.e., thiamine, thiamin- 
pyrophosphate and A.T.P. 

Received for publication December g, 1948. 
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EXPERniENTAL 

Excised Frog's near! {Slrauh's Method) 

Action of T.T.P. on the normal and hypodynamic heart. At low concentra- 
tions (lo"^ and T.T.P, induces, after a certain delay, a gradual and slight in- 
crease (from 30% to 40%) of the amplitude of beats and a slight slov.'ing of the rate. 
This effect is persistent and disappears only after prolonged washing of the prepara- 
tion. At higher concentrations (io~‘ and io~^) T.T.P. has a negative inotropic 
effect, which may be compared to the similar action of thiamine at the same dosage 
(15). Cocarboxjdase, at the same concentration, elicits after an initial and in- 
constant increase, a decrease of amplitude of the beats in a first phase and after 2 or 
3 minutes augments it in a second phase. 

The proper action of T.T.P. is much more marked on the fatigued heart and ir- 
regular in its amplitude and rhythm (fig. 1 ). After a dose of to“* the heart comes 
back to normal beating and rhythm after a sufficient time of contact. If one replaces 
then the Ringer’s solution containing T. T. P. by a fresh normal Ringer’s solution, 
the heart resumes its irregular beating. Thiamin-pyrophosphate, also, will restore a 
regular rhythm, but is not efficient in the case of e.ttrcmc fatigue, whereas T.T.P. 
is still active. As for thiamine itself, it has no inffuence on the tired heart. 

InjiucnccoJ T.T.P. on I he effects of chemical mediators. Whenadded to the prepara- 
tion in Ringer’s solution simultaneously with acetylcholine or epinephrine T.T.P. 
reduces the action of either mediator presumably by strengthening the regulating 
mechanisms. Jacicson and Wald (15) found that the action of acetylcholine was not 
antagonized b}- thiamin-p}Tophosphate though it is by vitamin Bi, but only at pK 
above 6. 

Action on dysfunctions due to mineral ions. One of the best known means of 
producing experimental cardiac disorder is by disturbing the phj’siological balance of 
ions. We realize this by addition of an excess of K or Ca ions to the medium. We 
have observed that, in addition to its negative inotropic effect, an excess of R'^ in- 
duces also some degree of block. For this action to be discernable, it is nccessar}' to 
maintain the K+ concentration of the solution at a correctly chosen level. The 
initial inotropic negative effect tends to decrease and then some periodic irregularities 
appear which reveal partial blocking in different parts of the conductive elements of 
the heart. The reactions of our preparation being thus well established, we added 
various amounts of T.T.P. to the Ringer’s solution, either simultaneously with or 
sometime before. In either way, we noted that, at sufficient concentrations (10“* to 
3 X T.T.P. limits to a certain extent the decrease of movements caused by K"*", 
and especially abolishes the periodic irregularities due to partial blocking (fig. 2). 
This effect of T.T.P. lasts a certain time even after washing. The enhancing of 
conduction lasts much longer than the protection from the negative inotropic effect 
ofK+. 

A.T.P. (2 X 10“^) acts in the same way, though not as completely. Thiamine is 
inactive; it even increases the action of K+. Thiamin-pyrophosphate antagonizes it, 
but verj’- imperfectly, even at xo~^ concentration. Some control experiments carried 
out with mineral phosphates, sodium ortho-, pyro-, and triphosphate, showed that 
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those salts increased the amplitude of beats, but possessed no antagonistic properties 
towards K"*", and especially did not alter the disturbances of conduction resulting 
from an excess of 

Another well known type of cardiac dysfunction is produced b}'- an excess of 
Ca++ which tends to counteract the diastolic relaxation of the heart and, at high doses, 
stops the heart in systolic contracture. The simultaneous addition of T.T.P. (lo"^ to 
2X10-’) and of Ca++ decreases the contracture effect of the ion. At the limit con- 
centrations of Ca-^ which alone lead to a total arrest in systole, the beating is main- 
tained b}*- T.T.P., but much reduced in amplitude. Ca++ may sometimes cause 
partial blocking manifested b}'- periodic irregularities. This is always suppressed by 
T.T.P (fig. 3). In two control e.xperiments, thiamin-pyrophosphate hardly affected 
the response to Ca++. 

A B 1 


Fig. I. Excised frog’s heart. A. Beating of a fatigued heart. B. The same heart 
after a 40-minute treatment with io~^ T.T.P. 



Fig. 2. Excised erog’s heart. A. Action of 0.05 mg/ml. of KCJ. (in addition to that 
usually present in Ringer’s solution). B. Action of the same dose of KCl (as in A), in presence 
of 3 X io~< T.T.P. in Ringer’s solution. 

We have also tested T.T.P. on the disorders caused in the frog’s heart by Ba++ 
and have observed a notable diminution of its disturbing actions, particularly in those 
affecting the conduction elements. The systolic contracture due to 0.5 X 10 * 
Ba++ is decreased, but the most striking effect is the abolition of bigeminal rhythm 
(fig. 4) and other periodic irregularities. 

Aclion on digi toxin poisoning. It is well known that the action of digitoxin is 
hardly reversible. Thus, alternate tests in the presence or absence of the substance 
studied are difficult. For this, we attempted to investigate the effect of T.T.P. 
on the functional recovery of the intoxicated heart after washing. The isolated 
frog’s heart exhibiting typical symptoms of digitoxin intoxication, i.e. systolic con- 
tracture, and practically irreversible conduction disturbances regains gradually its 
normal functions after the addition of io“® T.T.P. to the Ringer’s bath. Signs of 
intoxication reappear as soon as T.T.P. is withdrawn; hence it is apparent that digi- 
toxin is not displaced. Similar observations were made with ouabaine. 

Aclion on disorders induced by faradization. Stimulation by a pair of electrodes 
applied to the ventricle of a frog’s heart produces a complete stop of ventricular 
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beats followed by a jjeriod of auriculo-veiitrinilar dissociation, j)recedin'? a return to 
the normal rhythm. After such stimulation in the |ire.‘:cnce of 'r.'r.l*. (to"',i there 
is a notable .shorteniuf' of the standstill [)hase, as well as a total disappearance of the 
jmrtial block period. The ventricle recovers immediately its initial rhythm and 
amplitude (fig. 5). The.se effects attain their ma.vimum after a somewhat prolonged 
contact with the 'r.T.l*. solution. 'I'hey still persist after mimerou,'; washings of the 
heart. Thiamine and thiamin-pyrophosphate act likcwi.se but a concentration 10 
time.s stronger is required. A.'J'.T. occasionally reduce.s the standstill jieriod, but 
lengthens the jdiase of auriculo-ventricular dis.sociation. 

Isolala! Rabbit's Heart 

Effect Oft corottary output ((Ilcy's method, t 6 ). between the concentrations of 
2.5X lo"'’ and 2.5X io~‘, T.'J'.P. increases the coronary out jiut. The incrca.ccmay be 







Fii;. 3. ]Cxc:i.‘:r,t) khcx;'.*; iif.akt. .t. .Xction of 
of 3.5 mc/ml. of cry.-t. CaCl- (in nfidition to tli.nt iisvially 
[)ri-scni in Kinder’s solution.) />. .Action of llic .'amc 
fIo.«e of cr>'.st. CaCI* in prtvcncc of 10' ‘ T.T.P. in 
Ringer’s solution. 



t a. 

from 50 per cent to 125 per cent and persists for 35 to 30 minutes (fig. 7). Higher 
concentration, on the contrary, reduces the coronary output for a period varying with 
the dose. The latter decrease is followed In’ a secondary increase corresponding to 
the action of the lower concentrations, the active substance tending, with the tech- 
nique used, to eliminate itself from the preparation. 

Rabbit's Heart in situ: Effect on Eibrillatiou 

After the e.xperiments described above, the action of T.T.P. on fibrillation of the 
heart in silti was determined. The rabbit, anesthetized with Somnifene (0.4-0.6 
mg/kg.), was given artificial resjiiralion, the thorax was opened and the heart exposed. 
Fibrillation was produced by induction shocks. The electrodes were either directed to 
the apex of the heart at a small distance from each other, or were formed of hooks 
inserted, one in the right auricle and the other at the ajicx, for recording purposes. 
In that way it was possible to obtain a fibrillation either confined to the ventricle 
or generalized. 

In varying the time of passage of the current and the distance between the coils, 
we determined the stimulus convenient to induce cardiac standstill of 30 to 60 seconds. 
By repeating the stimuli at regular 5- or lo-minute intervals, this functional stopping 
augments graduall)’- during the control c.xperimenls. In our experiments, if the 
cardiac failure exceeded about one minute, the fibrillation was always fatal unless 
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rapid resuscitation was applied, either by direct manual massage of the heart muscle, 
or by intraventricular injection of KCl (10-20 mg/kg.). We often had to do both,’ 
without noticing an altering of sensitivity to further faradization. 

Primarily, T.T.P. intravenously elicited only a light and fleeting hypotension 
even at large doses (10 mg/kg.). Its influence on the normal heart is slight, with a 
small increase of amplitude and slowing of rhytlim. Furthermore, intraauricular or 
intraventricular injections of large doses (10 mg/kg.) are well tolerated. 

As for fibrillation, at a dosage of i mg/kg. one may observe a shortening of the 
standstill, but the maximum effect is reached at 10 mg/kg. At that dosage, pro- 
tection is seen immediately after the injection and is most powerful after a 10 minute 
delay. Most often there is full suppression of fibrillation; the heart resumes its 
normal movements as soon as the electric excitation ends (fig. 6). This protective 
effect lasts at least 20 minutes, and, when doses of 10 mg. are used, may persist during 
several hours. In some cases T.T.P. was administrated by intracardiac injection to 


Fig. 4. Excised frog’s 
HEART, A. Action of I mg/ml. 
of cryst. BaCJj L : washing with 
Ringer’s solution. B. Action of 
the same dose of BaCb in presence 
of 10-^ T.T.P, 
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the fibrillating heart until it came to a standstill. The heart was seen to come back 
gradually to its normal beating. 

These findings induced us to study the respective importance of the various 
parts of the T.T.P. molecule. We tested, first, some mineral phosphates— pyro- 
phosphates and even a preparation of sodium triphosphate — in quantities equivalent 
to those used in the form of T.T.P.; they have a depressant effect on the heart beat 
and slow its rhythm, but are entirely deprived of antifibrillatory properties. 

Thiamine, alone, at a dosage of i or 2 mg/kg. is also ineffective. At a 10 mg. 
dose, there is unquestionably an antifibrillatory potency, but incomplete and tran- 
sient; its protective effect exerts itself immediately after the intrajugular injection by 
a shortening of duration of the standstill, and lasts not more than five minutes. 
Thiamin-pyrophosphate or ‘cocarboxylase’ is slightly more active in preventing 
fibrillation, and places itself between thiamine and T.T.P. At a i or 2 mg/kg. 
dosage, it is practically without action; larger doses (10 mg/kg.) give to the heart 
a relative protection of 10 to 15 minutes (with the maximum 5 minutes after injec- 
tion). However, it must be pointed out that neither with cocarbo.xylase nor with 
aneurine was a full inhibition of fibrillation ever found. 

DISCUSSION 

Owing to the wide diversity of the effects of T.T.P. on the heart, the question 
rises of the site and mechanism of its action. In the presence of a triphosphoric 
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ester, the idea readily comes to mind of an action on the muscle fibers; the important 
part played by A/l'.P. in muscular physiology is well known. 'Phe slight positive 
inotropic elTcct of 'P.T.P., observed after a certain time of contact, probably implies an 
improvement of muscle metabolism. Hut its immediate action exert.*^ itself rather 
on the pacemaker and above all on the conduction element.‘;. 'Phis seem.s to i)c 
proved by the fact that any disturbance attributable to a dysfunction of these ele- 
ments is, in an immediate and siiectacular way, amcndcfl by 'I’.'P.P. 'Phis is shown 



A B 

Fig. 5. ExciSKi) rRor.’.': nr art. . 1 . Ilc.irt inliilnlion iin'lcr fnratiic c.xcilation (6 second? 
with a Duhois-R.ayniond coil, distance hetween secoml.iry and primary; 5 cm), fi. I’aradization 
under tiic same condition after 40 minutes contact witli 10"' 'IVt'.!', 



Fig. 6. Rabbit 9 , weight: 3,700 kg. .Anesthesia with ‘Somnifene’ (0.5 ml/kg.). .Artificial 
respiration. Heart in silti. From top to Ixiltom, recording of: pressure in the carotid; auricular 
beats; ventricular movements. A. During 3 seconds passage of a current from an induction coil. 
Prolonged ventricular fibrillation. Distance between the coils: 10 cm. The heart resumed its 
normal functioning only after massage carried out i minute after stimulation. B. Same stimulus 
10 minutes after an intrajugular injection of lo mg/kg, T.T.P.: no fibrillation. 

perhaps most clearly in its antagonism to K+ on the frog’s heart. In the process of 
action of the ion one may discriminate a negative inotropic action, and periodic irregu- 
larities due to partial blocks in the different conduction elements. The influence of 
T.T.P., tvhile it is unqestionablc on the former abnormality, is much more remark- 
able on the latter. The case is the same in the majority of compounds whose actions 
may be e.xplained as a strengthening of the sinusal control, presumably due largely to 
an improvement of conduction. 

As for fibrillation, whatever the interpretation given to its intimate mechanism 
may be, it is generally agreed (17, iS) that its appearance is related to defects of 
conduction at the different levels of the heart. 'Plius, T.T.P., in enhancing the con- 
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duction of the impulse through the heart, may hinder the initiation of fibriUation 
and, by the same process, produce defibrillation. It seems likely that T.T.P. may 
interfere in the chain of biochemical reactions necessary to impose the sinusal control 
to the lower elements. 

The heart, liver and kidneys are the three organs which contain the greatest 
quantity of thiamine (19), the last two acting as storehouses. On the other hand, 
it has been demonstrated that only a fraction of the tissue thiamine is free (20, 21), 
the remainder existing in the form of combinations of which only a few are known. Up 
to now, only one of these combinations may account for the biological importance 
of thiamine: its pyrophosphoric ester (Lohmann’s cocarboxylase). Some authors 
(22, 20), however, consider that cocarboxylase is not the sole physiologically active 



Fig. 7. Excised rabbit's heart (Gley’s method). 6 ' rabbit, weight: 3,000 leg. Absc: 
time in minutes; ord: coronary output in ml/min. 

form of thiamine. The substance designated Ai by v. Muralt (23), probably a thia- 
mine derivative, seems to exhibit the same positive inotropic effect on the frog’s 
heart as T.T.P. (24). Anyway, the occurrence of T.T.P. in the organism may be 
considered as possible and even probable if one refers to the existence of A.T.P. 
synthesized in the organism and, also, to the greater efi&ciency, as our experiments 
show, of T.T.P. in comparison with thiamine and thiamin-pyrophosphate. 

This adds more evidence of the biological importance of the degree of phos- 
phorylation. One can assume that the energy-rich bond of T.T.P. could supply to 
the nerves as well as to the conduction elements of the heart immediately available 
energy necessary to the transmission of the impulse, in the same way as the similar 
bond of A.T.P. supplies the energy necessary for the muscle contraction. Though 
this idea remains hypothetical, it is justifiable to consider that T.T.P. plays a role 
in the special metabolism related to nerve impulse transmission. Does it play a part 
in the conduction tissue of the heart, in the way of an ‘ergone’ as defined by v. Euler 

(25) or as a metabolic material, as was supposed by Liechti, v. Muralt and Reinert 

(26) for the thiamine in the nerve? We can, to-day, only set the problem. 
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The cfTects on the heart of a new phosphorj'lali'on derivative of thiamine, 
thiarain-tripliosphoric acid (T.T.P.), were studied. On the c.%xised frog’s heart, 
T.T.P. excrUs a slight positive inotropic action on the nonnal organ, and strengthens 
and restores tlie regularity of the fatigued heart. It decreases the action of acetyl- 
choline and epinephrine, corrects the disturbances induced by an excess of Ca"^, 
or Ba*^, recslablishcs the functioning of the heart intoxicated by digitoxine or 
ouabaine, and antagonizes the electric depression of the heart. It acts probably by 
improving the conduction. 

On the e.xciscd rabbit’s heart, T.T.P. increases the coronary output when used 
at concentrations varying from 2.5X 10"* to 2.5X10“^, but at higher concentrations, 
it decreases the output. On the rabbit’s heart j;; sllu, T.T.P. protccLs, in an effec- 
tive and prolonged \Yay, the organ against fibrillation induced by faradization. 
Thiamine also exhibits some antifibrillatory jiropertics, but v,-cak and transient. 
Thiamin-pyrophosphate is more potent than thiamine but much less than T.T.P. 

The problem of the existence of T.T.P. in organisms and the physiological rule 
of this new derivative of tiiiamine is discussed. 
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TRANSFORMATION OF THE ARTERIAL PULSE WAVE 
BETWEEN THE AORTIC ARCH AND THE FEMORAL 

ARTERW 

ROBERT S. ALEXANDER 

From (he Department of Physiology, Western Reserve University Medical School 

CLEVELAND, OHIO 

T here have been many attempts to explain the observation that the arterial 
pressure pulse, which origmates centrally as a relatively simple manifestation 
of cardiac ejection, appears at the periphery as a sharp primary peak of pres- 
sure followed by the prominent dicrotic oscillations of pressure. It has been pro- 
posed that an essential factor responsible for this transformation is the superposition 
of a standing wave upon the transmitted pulse as a result of the resonant properties 
of the aortic system. Definite experimental evidence has been presented by Hamil- 
ton and Dow (i) that in the abdominal aorta and femoral artery of the dog the trans- 
mitted pulses are distorted by a pressure oscillation which rises and falls simultane- 
ously at different points of the system and which therefore must represent a standing 
wave. 

The existence of such a standing wave and the possibility of measuring its frequency by an 
analysis of peripheral pulses is of considerable significance, since the period of this standing wave 
should be determined by the existing physical properties of the aortic system (2). Recently we em- 
ployed this concept in an anlysis of changes in the femoral pulse observed in hemorrhagic hypoten- 
sion and shock (3). The simplifying assumption was made at that time that the peripheral pulse 
could be regarded as a simple fusion of the transmitted pulse with the standing wave, so that the 
latter could be derived by algebraically subtracting the central pulse from the peripheral pulse. 
This approach was of considerable value in qualitatively classifying femoral pulse types and identify- 
ing abnormal characteristics of pulses observed in shock, and therefore encouraged a more quantita- 
tive analysis with particular attention to the apparent frequency of the standing wave system. 

A survey of several thousand pulse recordings, however, has convinced us that the primary 
peak of the femoral pulse does not correspond to the primary phase of the standing wave. The ob- 
servations to be reported here serve to confiirm this hypothesis and indicate that in the femoral pulse 
there is a significant distortion factor which in most cases masks the first phase of the standing wave . 

METHODS 

Lateral pressure pulses were recorded in dogs under barbital anesthesia with 
optical manometers having adequate frequency characteristics. The technical 
details of the recording apparatus are the same as formerly described (3). Central 
aortic pulses were recorded from a sound introduced into the innominate artery by 
way of the left carotid. Lateral pressure pulses in the abdominal aorta were ob- 
tained by performing a left nephrectomy and introducing a sound into the central 
stump of the renal artery until its tip came flush with the wall of the aorta. Lateral 
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femoral arterial pulses were recorded in a similar f.'isliton using a short 15 gauge 
needle introduced into a convenient side branch of the femoral. 

In order to evaluate the components incorporated into the sjmthcsis of the pe- 
ripheral pulses, the central aortic pulses were subtracted from the peripheral pulses 
so as to obtain what will here be referred to as the ‘subtraction curve.' These curves 
were obtained with the coordirectograph (4), an instrument with which pulses of 
different pressure scales can be accurately subtracted in one simple operation. To 
minimize any mechanical errors the original curves were first projected and redrawn 
at a magnification of 2.5 times. Since high frequency vibrations in the aortic pulse 
such as those at the incisura arc obviously not transmitted to the femoral, these were 
smoothed out when the cur\''es were redrawn. The enlarged curv’cs were then accu- 
rately' lined up on the coordirectograph with the foot of the wave of both pulses at 
the same point on the time axis. This corrected for tlic transmission delay as the 
pulse traversed the aorta. After obtaining the subtniction cuix'e at a scale propor- 
tional to that of the femoral pulse, the inked curv'es were then photographically re- 
duced down to the same scale as that of the original recording. Subtraction curves 
obtained in this manner were accurately reproducible e.xccpt for the initial portion 
where both curves rise steeply and slight mechanical errors are correspondingly 
exaggerated. This inaccuracy is restricted to the initial negative deflection of the 
subtraction curve and is of no particular importance in the problems to be considered 
here. 


RESULTS 

A ty'pical curve obtained by subtracting tlic central aortic pulse from the femoral 
pulse recorded simultaneously in a normal anesthetized dog is shown in the lower por- 
tion of figure lA. This recording was selected because at first glance the subtraction 
curve appears to have the sinusoidal form which is to be expected of a free oscillation 
that gives rise to a standing wave. More precise measurements, however, reveal that 
the initial positive wave does not conform to the sinusoidal contour which would be 
anticipated if this were the first phase of the simple oscillation represented by the 
following negative and positive waves. 

Frequently the departure from sinusoidal contour is much more obvious than 
that shown in figure i-A. Examples of such irregularities are shown in figure i-C, 
D, E. Inspection of subtraction curves such as that shown in i-E readUy leads to the 
inference that the prominent positive peak is not related to the sinusoidal standing 
wave. On the contrary, what appears to be the first phase of the standing wave can 
be clearly seen taking off from the falling limb of this initial positive peak. The 
dotted lines indicate the assumed dissociation between the initial peak and the 
standing wave. A similar interpretation is suggested for the irregularities in figures 
i-C and D, 

Confirmation of this mterpretation of tlie femoral subtraction cun'es is uniformly 
observed in the curves obtained by subtracting the central pulse from pulses recorded 
from the abdommal aorta. One example is given in the first (^'de of figure i-B; 
other examples are shown in figure 2. In this pulse the initial rise of the subtraction 
curve is not so prominent, and as a consequence it may be obsen’ed that in the 
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course of the initial positive wave a distinct second component arises. This latter 
component conforms with the expected frequency and contour of the initial phase of 
an oscillation which continues in the dicrotic waves. Since this oscillation exhibits 
no delay in transmission between the abdominal aorta and the femoral artery, it 
must represent the aortic standing wave. It therefore appears that the subtraction 
curve must be regarded as a composite of at least two factors; the standing wave 
oscillations which are dominantly responsible for the dicrotic oscillations, plus an 



Fig. I. Arterial pressure pulses recorded from the central aorta, C, the abdominal aorta 
AB, the femoral artery F, and the radial artery R. Curves beneath pulse tracings were obtained by 
coordirectographic subtraction of the specified pulses. Dotted lines in B and E indicate the assumed 
dissociation between the distortion factor and the standing wave in the subtraction curve. Time 
intervals of o.i second; scales indicate pressures in mm. Hg. Reproductions about one third original 
size. 

initial component dominating the initial peak of the pulse which we will refer to as 
the ‘distortion factor.’ 

A comprehensive treatment of the forces giving rise to the distortion factor is 
not within our scope at present, but a few examples selected from an extensive series 
of experiments will suggest the types of variation in pulse contour which may result 
from alterations in the distortion factor. A familiar change in pulse contour is that 
which is evident when lateral pressures are compared with end pressures as shown in 
figure 2. After recording the lateral femoral pressure shown in figure 2-A, the artery 
was occluded just distal to the point of cannulation so as to obtain the end pressure 
record reproduced in figure 2-B. The end pressure pulse recorded from the femoral 
exhibits additional pressure oscillations which we would interpret as due to a water 
hammer phenomenon, in agreement with Hamilton (5). Any such local vibrations 
will obviously be represented in the distortion factor as shown in the lower portion of 
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tlie figure. It should Iw noted that the standing wave appears to be essentially the 
same in both recordings; the sliglit variation in the abdominal subtraction cur%'c pro- 
duced by occluding the femoral artery appears to be restricted to the initial distortion 
factor. 

Variations in stroke volume also produce marked changes in the pcriphe.'al 
pulse contour not directly dependent upon variations in the form of the central puke. 
This is illustrated in the alternans rhythm shown in figure i-B where the subtraction 
cur\-e c-xhibits a ver\' marked reduction in the distortion factor in the ease of tlic weak 
cycle. These records should be compared with the pulses in figure i-C and D. 
After recording the normal cycle shown in C, the heart was stopped for 2 seconds by 
right vagal stimulation. The large succeeding beat is shown in D. It is evident that 
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Fig. 2 . NoJiifAL 7KAa^•G with femoral 
pressure recorded hlcMlly, A, compared with 
pulses observed .after occluding the femo.'ul 
just below the point of cannulalion so as to 
record end pressure, B. Symtwls etc. the 
same as in fig. i; 
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the major change in the contour of the femoral pulse is due to the great augmentation 
of the distortion factor with a large stroke volume. 

DISCUSSION 

The present study offers additional support for the standing wave concept. 
An extensive series of simultaneous recordings of abdominal aortic and femoral pulses 
have uniformly confirmed Hamilton and Dow’s contention that these pulses contain 
an oscillating wave whicli rises and falls simultaneously at different points of the 
system. Furthermore, situations in which the apparent form of this standing wave 
were not in keeping with predictions may now’ be recognized as due to a confusion of 
the distortion factor wdth the standing wave. For example, tlie fact tliat the primary 
peaks of pulses recorded frorn the aortic-femoral sj’stem do not always occur simul- 
taneously can no longer be used as an argument against the standing wave theorx’. 

Recognition of tlie importance of the added distortion factor in the femoral 
pulse contour is of considerable significance from the standpoint of evaluating the 
standing wave. The primary peak of the femoral pulse is dominated b}'^ the distor- 
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tion factor and in many pulses this distortion factor also encroaches considerably 
upon the dicrotic notch. Since neither of these points can be used reliably to identify 
the standing wave, the period of this standing wave cannot be accurately measured 
by analysis of the femoral pulse contour. Because of comparable difficulties in other 
pulses, we question whether any pulse can be used routinely to obtain an accurate 
estimate of the standing wave frequency.^ 

On the basis of the known properties of the aortic system, the distortion factor 
would appear to result from the interaction of several forces. Most obvious is the 
distortion which results from simple damping of the transmitted wave. For example, 
the initial upward deflection of the central pulse produced by the early phase of 
cardiac ejection usually represents a pressure change of too high frequency to be 
transmitted along the aorta. This is shown by the fact that the ascent of the foot 
of peripheral pulses usually exhibits a somewhat more gradual slope. This damping 
is revealed in the subtraction curves by the initial negative deflection preceding the 
major positive wave. In addition, it is obvious that high frequency vibrations in the 
central pulse at the incisura together with similar vibrations sometimes appearing on 
the anacrotic limb are also damped out of the transmitted pulse. Damping of the 
central pulse in its transmission towards the periphery therefore accounts for some 
distortion, but quantitatively it can account for only a small part of the distortion 
factor observed in the femoral pulses recorded at reasonable pressure levels. 

Closely related to damping are properties of the aortic system which distort the 
pulse wave by altering the transmission rate of its successive portions. Pulse wave 
velocity increases as a function of the pressure existing in the aorta. Thus if the 
central aortic pressure rises steeply enough, portions of the pulse wave initiated at 
significantly higher pressures than the foot may tend to overtake the foot of the wave 
and result in a greater peaking of the femoral pulse (6). In the extreme form this 
results in pulses of the water hammer type as will be discussed in a subsequent com- 
munication (7), Acting opposite to this factor is the hysteresis in the aortic system 
(2, 8), as a consequence of which the aorta becomes relatively more rigid at the end of 
diastole than it is after being subjected to some degree of systolic stretch. This would 
tend to accelerate the transmission of the foot of the wave as compared with later 
portions of the pulse. These properties acting directly to change the contour of the 
pulse wave in its transmission will result in distortions which would be incorporated 
into the curve obtained by subtracting the central pulse from the peripheral pulse. 

Finally, it appears probable that local reflections make a significant contribution 
to the distortion factor. This is obviously true in the case of end pressures such as 
that shown in figure 2-B where reflections from the occluded end of the vessel generate 


- In employing the subtraction curve method, it is essential to correct for the pulse transmission 
delay if the transmitted component is to be correctly dissociated from other factors in the peripheral 
pulse. However, since the standing wave makes some contribution to the contour of the central 
aortic pulse, the method used here leads to a corresponding error in the magnitude and some phase 
distortion in the derived standing wave component of the peripheral pulse. This error is not of 
sufficient magnitude to invalidate the qualitative recognition of the components in the subtraction 
curve because the aortic pulse is recorded from a point much nearer the node of the standing n ave 
than is the femoral pulse. Nevertheless this would represent an additional source of error in at- 
tempting to quantitate the standing wave by this method. 
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a water hammer oscillation. Since the vascular bed represents essentially a closed 
system with resistance increasing progressively lov/ard the peripheral one should 
expect positive reflections of the transmitted wave to occur generally tliroughout 
the system. Indeed, it is assumed that the summated efTcct of these reflections in 
the aortic-femoral system as a whole is responsible for the genesis of the standing 
wave. It therefore would appear that any pulse recorded from a given local region 
must also be somewhat distorted by reflections from its various local tributaries. 

According to this analysis, therefore, the femoral pulse may be regarded as a 
transmission of the central aortic pulse summated with the standing wave oscillation, 
together with a significant degree of distortion resulting from various physical proper- 
ties of the aortic system. It is unfortunate that the comple.vity of these distorting 
forces makes it diilicult to assess the forces responsible for any given pulse contour. 
For example, the fact that increased stroke volume greatly augments the distortion 
factor could be explained by a corresponding increase in reflections. On the other 
hand, it could also be due to a greater peaking of the pulse in its transmission because 
of the large pre^urc difference between the foot and the summit of tJic wave. Until 
it is possible to define tliesc variables with greater qualitative accuracy, attempts to 
subject the femoral pulse to any rigorous quantitative analysis (9) are, in our opinion, 
decidedly premature. 

In conclusion, it is of interest to review our previous interpretation of the pulse 
contour in shock (3) in the light of tliese present obscivations. At that time a pe- 
culiar distortion of the subtraction cun'c in shock was interpreted as possibly due to 
the summation of two standing waves of different frcqucnc>’. It now appears that 
the sharp initial peak of the femoral pulse in shock should be attributed to the per- 
sistence of an essentially normal distortion factor rather than to a high frequency 
standing wave component. On the other hand, the present obsen’ations serve to 
strengthen the assumption that the altered catacrotic limb and dicrotic wa^■cs of the 
shock pulse are due to tire appearance of a standing wave of low frequency and ampli- 
tude. Wfliether this can be attributed to a specific dilation of Uic mesenteric bed, 
as suggested previously, remains speculative. 

Arterial pressure pulses recorded optically in anesthetized dogs ha\-e been 
analyzed by subtracting the central arterial puke from pulses recorded from the 
abdominal aorta and the femoral artery so as to obtain the ‘subtraction curve.’ 
The subtraction curves obtained from the femoral arterial pulses do not usually 
conform with the simple sinusoidal pattern that would be expected if they represented 
solely the oscillation of the aortic standing wave. Under certain conditions, however, 
a definitely sinusoidal oscillation appears in the subtraction curve in spite of the 
presence of a significant ‘distortion factor’ that usually dominates tlie primar}’- peak 
of the femoral pulse curve. 

Anatysis of lateral pulses from the abdominal aorta demonstrates a similar dis- 
tortion factor followed by a standing wave oscillation which can be clearly identified. 
The magnitude of the distortion factor varies as a direct function of the central pulse 
pressure. It e.xhibits additional components in end pressures as compared with 
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lateral pressures. Probable sources of the distortion factor are discussed. They 
include damping of the transmitted wave, distortion of this wave by variations in 
pulse wave velocit^^ and local reflections. 

These obser\’ations sen^c to reinforce the concept that the femoral arterial pulse 
contains a prominent pressure oscillation due to a standing wave created in the cen- 
tral aortic system, but indicate the necessity for distinguishing the first phase of this 
oscillation from the wave representing the distortion factor. 
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S INCE its original description in 1832, there has been considerable speculation 
as to the factors responsible for the ‘Corrigan' pulse obscr\'cd in the peripheral 
arteries of patients with insuflicicnt aortic valves. The simplest explanation 
has been that its rapid rise and sudden collapse directly parallels the forceful ejection 
of a distended heart followed by the regurgitation of blood through the incompetent 
valves. The impossibilit}- of such an interpretation was finst recognized by Stewart 
(i) who called attention to the fact that a significant portion of the collapse of the 
peripheral pulse occurs during the latter part of sj'stolc while the heart is still ejecting 
blood. Recognition of this paradox has prompted the invocation of a variety of 
mechanisms to e.xplain the pulse d\'namics, particularly some sort of unique vaso- 
motor response to alter the peripheral dissipation of pressure (i). 

The problem is furllier complicated by a lack of agreement as to the detailed contour tliat is 
observed in sucli pulses. In dogs with c.xpcrimcnt.al aortic insuflidcncy, femoral puUcs recorded 
directly with optical manometers reveal a simple sharp rise and fall in pressure with a significant 
reduction in the dicrotic waves (2). On the oUicr hand, Feil and Gilder (3), \eho made an intensive 
sphygmographic study of patients with aortic insuflidcncy, found the frequent occurrence of pulses 
with double peaks (bisferiens). Other authors have claimed that there is an accentuation of the 
dicrotic waves in aortic insufficiency. Luisada (4) believes that the second murmur assodated with 
such pulses (Durozicz’s sign) is directly related to .nn accentuated clicrofism. 

Although some of Uiesc discrepancies might be related to instrumental artifacts which are diffi- 
cult to e.xclude in the sphygmographic techniques employed in dinical studies, it must also be remem- 
bered that clinical aortic insufficiency is not a simple s^mdromc. In rheumatic vahmlar disease, for 
e.xamplc, aortic insuflidcncy is typically accompanied by a significant degree of aortic stenosis. In 
addition, progressive compensatory changes in chronic valvular disease such as the marked h\*per- 
trophy of the left vcnlriclc might readily introduce alterations in pulse djmamics which did not relate 
directly to an incompelcncy of tlic aortic valves. To clarify tlic fundamental dynamics of the ar- 
terial pulse in aortic insufficiency, it, tlicrcforc, seems ncccssarj’ to investigate this problem in acute 
c-xperiments where tlic immediate changes produced by a knoira lesion may be studied. 

irEXnODS 

This analysis is based upon optical recordings of the aortic, radial and femoral 
pulses in dogs under barbital anesthesia. The techniques employed in obtaining 
these pulses by direct cannulation of the respective vessels were the same as those pre- 
viously described (5, 6). To permit direct comparison of normal pulses and pulses 
in the presence of the lesion, aortic insufficienc)^ was produced acutely and reversibly 
without damage to the valves. This was accomplished by opening the chest in the 
mid-line and introducing through the wall of the left ventricle either a large trocar 
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which when passed into the aortic orifice served to hold the valve leaflets open (7) 
or an umbrella-type valve spreader with which any degree of insufficiency could be 
produced at will (8). The damage to a local area of the myocardium and the mild 
degree of functional stenosis induced by both of these procedures produced only 
minor changes in cardiac dynamics as judged by the central pulse contours. The 
peripheral pulses obtained by this method were quite comparable to those obtained 
from dogs with chronic aortic insufficiency (2). 

EXPERIMENTAL RESULTS 

In figure i .4 and B is shown the typical change produced in the aortic, radial and 
femoral pulses by an insufficiency of mild degree. The initial cycles of figure iC and 
D illustrate the changes observed with an essentially complete absence of valve func- 

A B C D 



Fig. I. Optical recordings of the pressure pulses in the central aorta, C, the radial artery, R 
and the femoral artery, F. A and C were recorded before the production of aortic insufEdency; B 
and D immediately aftenvards. Irregularity of beats in C and D due to arrhythmia associated with 
manipulation of the instrument. Bars beneath femoral pulses indicate duration of systole. Time 
signal indicates o.i second. 

tion. The progressive changes in contour obtained in successive recordings by a pro- 
gressive increase in the degree of incompetency are shown in figure 2. 

The most obvious characteristic of the peripheral pulses during aortic insuffi- 
ciency is the rapid rise to a very high peak pressure, yielding a very large pulse 
pressure. Can this extremely high peak be explained in terms of our basic concepts 
regarding the genesis of the peripheral pulse? It has been shown that the peak of the 
femoral pulse is dominated by a distortion factor (5) which normally augments the 
systolic peak of the femoral pulse as compared with the central aortic pulse. To 
ascertain whether there is anything unique in this augmentation of the systolic peak 
in aortic insufficiency, it becomes important to compare pulse pressure changes ob- 
served in a variety of other conditions. Such data are given in table i in which pulse 
pressures recorded with identical techniques but under a variety of experimental 
conditions are compared. To indicate the relative changes in the femoral pulse 
pressures, they have been expressed as a ratio to the central aortic pulse pressure, as 
indicated in the' right hand column. Although there are marked changes in pulse 
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pressure in all of these instances, it will be noted that the relative changes between 
femoral pulse pressure and central aortic pulse pressure are slight. In the first five 
e.tpcriments listed, the only significant changes in this ratio are the reduction in the 
case of the alternans rhythm and the increase produced by adrenalin, both of which 
pulse changes have previously been discussed (5, 6). In typical eases of c.tperi- 
mental arterio-venous fistula, however, there is a tendenej* for the relative increase 
in the femoral pulse pressure to fall in spite of a large increase in the absolute femoral 
pulse pressure. A similar situation holds for the two tj-plcal cases of aortic insuffi- 
ciency in whidi the relative increase in the femoral pulse pressure falls in spite of an 
actual increase in femoral pulse pressure of well over too mm. Hg, and femoral 
systolic peak pressures that arc over 50 mm. higher than the central aortic s>'Stolic 
pressure. These data make it quite clear that no special assurajitions arc required to 



Fig. 2. PuiSE RECORDINGS during the progressive production of complete aoru'e insuRtdency 
about four cycles have been omitted between each cycle shown. The last cycle was recorded during 
a vagal bradycardia. 

explain the great magnitude of the peripheral pulse pressure in aortic insuffidenc}'. 
It is merely a consequence of the high aortic pulse pressures together with the dis- 
torting forces which normally lead to a significant augmentation of the peak pressure 
in peripheral pulses. The fact tliat the pulse pressure ratio actually drops somewhat 
in this case is probabi}’- related to the decline in mean blood pressure that is usually 
observed in acute e.xperimental lesions. 

Wlien the rise in pressure in the femoral artery is studied in greater detail, two 
further points of interest come to light. First, it should be noted that although in the 
normal case the initial rise of the femoral pulse is not as steep as that of the central 
pulse (fig. lA), in the case of aortic insufficiency the initial rise of the femoral pulse 
usually is as steep or steeper than the pressure rise in the aorta. In the normal 
case, the more gradual ascent of the femoral pulse appears to be due essentially to 
damping of the transmitted pulse wave (5). This indicates that in the case of aortic 
insufficiency there must be some other distorting force which counteracts this damp- 
ing process. 

The nature of this force is suggested by a second characteristic of the femoral 
pulse in aortic insufficiencj'-: the existence of a ‘halt’ in the pressure rise part way up 
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the ascending limb as shown in figures 2 and 3^. When this halt is analyzed by the 
subtraction cur^re method (5) it is found to be a high frequency vibration superim- 
posed upon the steep pressure rise, an initial positive phase followed by a negative 
phase acting to initially accelerate and then retard the rise in pressure. It has long 
been recognized that in aortic insufficiency conditions exist for the production of 
water hammer phenomena as the steep pulse wave front is transmitted peripherally 
to vascular beds which are at a low diastolic pressure and therefore relatively stag- 
nant. A water hammer oscillation of this type seems to be the major characteristic 
of the ascending lunb of the Corrigan pulse. It should be emphasized, however. 


Fig. 3. Pulse recordings 
as in previous figures; B and C 
include a pulse recorded from the 
abdominal aorta, AB. As de- 
scribed in the test, arrows indicate: 
A, production of the lesion; B, re- 
moval of the lesion; C, point of 
compression of the abdominal 
aorta at the bifurcation of the 
iliacs. No aortic lesion in C. 


A B 



that this water hammer should not be confused with the high systolic peak of pressure 
to which it is often incorrectly ascribed. As discussed above, the augmentation of 
the peak of pressure in the femoral artery is not dependent upon this water hammer 
effect. It should also be noted that the water hammer oscillation represented by a 
halt in the ascending limb of the femoral pulse is not unique with aortic insufficiency, 
but has been observed in a wide variety of other conditions in which there was a high 
systolic discharge coupled with a low diastolic pressure. 

Turning to the descending limb of the pulse, inspection of the pulses in figures 
I and 2 in which the duration of systole has been indicated just beneath the femoral 
pulse affords ample confirmation of the fact that the major collapse of the Corrigan 
pulse occurs before the completion of cardiac systole when correction is made for the 
delay in transmission of the pulse wave to the periphery. The collapse therefore 
cannot be explained directly on the basis of regurgitation through incompetent 
valves. A fact that is too little appreciated, however, is that this ‘systolic collapse’ 
of the peripheral pulse is in no way unique in aortic insufficiency. Such a relationship 
is t5q)ical of normal peripheral pulses as indicated in figures lA and 2 A. As has been 
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explained previously (5), this relationship is due to the fact that the peal: ot the 
femoral pulse is not determined directly by the contour of the transmitted pulse 
wave but by a significant distortion factor wliich may be regarded as being Ftijwf' 
imposed upon the transmitted wave. It lias been f)ointc<l out above (cf. fable i) 
that in aortic insufikicnc}' tlic magnitude of this distortion factor is greatly in- 
creased in absolute though not in relative Icnns. 

Viewed in this light, the steep fall of the raitacrotic limb of the femoral pulse in 
aortic insufficiency can best be described as suited by Wiggers (9): "It requires no 
profound knowledge of physics to understand that tlie higher the rise, the greater 
must be the collapse which follows." Actual rnc.asurcmcnts of this collapse in six 
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different experiments, moreover, reveal that although tJie gradient of fall is steeper 
tlian normal, the rclalive rate of fall is slower than normal. This can be illustrated 
by measuring the time required for the pressure to fall half way from its systolic peak 
to the diastolic level. As shown in table 2, this inter\'al for the fall to tlie half-wa}' 
point is significantly longer in all but one of the pulses recorded with aortic insuffi- 
ciency as compared with the control pulses recorded immediately before production 
of the lesion. This indicates that in relative terms tlie Corrigan pulse should not be 
considered a 'collapsing’ pulse but rather a pulse which falls relatively slower than 
normal. 

The explanation for this relative^ slower fall obviously resides in the depression 
or absence of the dicrotic waves. The Corrigan pulse does not fall steeply into the 
dicrotic notch to subsequently rebound into the positive dicrotic wave as in the 
normal pulse, but exhibits a relatively smooth gradient from the systolic peak to the 
end of diastole. To prove that there were no delayed dicrotic waves submerged in 
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the succeeding pulse, the heart was slowed by right vagal stimulation in obtaining 
the last record shown in figure 2, where the complete lack of dicrotic waves is clear. 
In milder cases of insuflSciency the dicrotic waves persist but with a reduced amplitude 
as shown in figure iB. This change in the dicrotic waves appHed to both the femoral 
pulse tracings and the radial pulse tracings. 

It has been shown that such a reduction in the dicrotic waves accompanies 
vasodilation (10). The instantaneous nature of this change, however, excludes the 
possibility of such an explanation here, as shown in figure 3^ and B. These two 
recordings were selected because of the fortunate timing of the production and the 
removal of the insufficiency. In figure sA it will be noted that the insufficiency was 
produced at such a time that the pulse shows no change until the end of the incisura. 
There is then a moderately steep fall of the diastolic portion of the central pulse indi- 
cating a moderate degree of insufficiency. The accompanying femoral pulse which 
exliibited a perfectly normal primary wave exhibits a corresponding fall free of the 
definite dicrotic waves evident in the preceding cycle. The radial pulse shows com- 
parable changes although a small dicrotic wave still persists. In a similar fashion, 
restoration of the valve competency shortly after the end of systole (fig. ^B) produces 


Table 2 


PULSE 

POLSE PEESSBRE itM. DC 

TIME FOR HALF FALL, SEC. 

Control 

Insufficient 

Control 

Insufficient 

Radial 

45 

67 

.049 

•059 


59 

I14 

.038 

.061 

Femoral 

48 

85 

•057 

•073 


71 

II6 

.060 

.062 


44 

91 

•05s 



40 

124 

•039 

.044 


an abrupt rise in the central pulse and the appearance of a delayed but prominent 
dicrotic wave in the femoral pulse. 

Remembering that the dicrotic waves are essentially a manifestation of the aortic 
standing wave (5, ii), it, therefore, follows that incompetency of the aortic valves 
abolishes this standing wave. This might prompt one to return to the older view 
that the dicrotic waves are simply a rebound phenomenon against the aortic valves 
independent of the peripheral vascular tree, and therefore the dicrotic waves would 
be a peripheral manifestation of the central incisura. ReaffiLrmation of the impor- 
tance of the peripheral vascular bed in the genesis of these dicrotic waves is shown in 
figure 3C. The initial cycle of this recording shows normal central, abdominal aortic, 
and femoral pulses. The prominent dicrotic waves in the femoral pulse are paral- 
leled by similar dicrotic waves of reduced magnitude in the pulse recorded from the 
abdominal aorta. In the central aortic pulse the standing wave may be identified as 
pressure oscillations opposite in phase to the peripheral dicrotic waves. At the point 
indicated by the arrow, the abdominal aorta was occluded at the bifurcation into the 
iliac arteries. This not only prevents the pulse from reaching the femoral, but it wffi 
be observed that it produces a marked change in the dicrotic or standing wave oscil- 
lations in both the central aortic and the abdominal aortic pulses. Analysis of these 
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pulses by the subtraction curve method (5) reveals, as would be expected, a signifi- 
cant shortening of the wave length of the standing wave. 

It is, tlicrcforc, evident that the standing wave giving rise to the dicrotic oscilla- 
tions is correctly visualized as originating in the periphen' by what is basically a 
reflection phenomenon. Nevertheless, the aortic system must be considered as an 
essentially closed resonator in which both ends of the system must be maintained 
intact in order to set the system into resonant oscillation. Opening the central end 
of tliis resonator by aortic insuflicicncy' acts to reduce its resonance in much the same 
fashion as the creation of an 'opening’ at the pcriphciy by intense vasodila.tion. 

It follows that although failure of the aortic valves to close should destroy this 
resonance, it should not abolish the primary reflection process at the periphery'. In 
other words, if our interpretation of the standing wave is correct, the central aortic 
pulse should still exhibit evidence of tlic initial reflection arriving bad: from the 
peripheiyf even though the standing wave oscillation docs not arise. Actual evidence 
of such a reflection is alwaj's dearly discernible in the central pulse tracings in severe 
insufficiency provided the heart rate is slow enough to dissociate successive cycles. 
This is illustrated in tlie right hand recording of figure a by the small but definite 
pulsation shortly after the systolic wave of the central pulse tracing. 

A final characteristic of the Corrigan pulse wliich warrants particular emphasis 
is the high degree of damping which is obsen'cd in the transmission of the pulse wave. 
This is partly suggested by tlie low magnitude of the reflected wave which has just 
been described. Still dearer e.xamplcs of this damping process arc given in figure 
iC and D, Tliese recordings were obtained from one of the few dogs which fairly 
consistently showed cardiac irregularities with slight manipulation of the instrument 
used to render the valves incompetent. In figure iC the valves are functioning nor- 
mally but manipulation induced the weak second cj’-clc shown in the figure. A 
directl)’’ comparable event occurred a few moments later after the instrument was in 
place to prevent closure of tlie valves (fig. xD). Comparison of these central pulses 
and the accompanjdng femoral pulses makes it clear that gross damping of the pulse 
wave occurs in aortic insufficiency. The greater damping of the weak pulse in aortic 
insuffidency is particularly well brought out when it is observed that the central pulse 
pressure in this weak cycle in iD is actually greater tlian the pulse pressure of the 
initial normal beat in iC. 

Two factors contributing to this increased damping are the low diastolic blood 
pressure in aortic insufficiency' as well as the liigh to and fro velodty of blood flow in 
this condition (12). This damping would furtlier serve to smooth out the contour of 
the peripheral pulses and unfortunately it has been found to invalidate attempts to 
accurately analyze Corrigan pulses by the subtraction curx'e method (5). 

DISCUSSION 

In a prexdous analysis (5) the arterial pulse has been considered as tlie algebraic 
summation of a transmitted pulse wave, a significant distortion factor that dominates 
the primary peak, and the aortic standing wave which is responsible for tlie dicrotic 
waves. The present study indicates that femoral pulses observed in acute e.xperi- 
mental aortic insufficiency may be readily explained in terms of these basic principles 
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without invoking any unique mechanism to account for the pulse changes observed. 
Since the pulses recorded in these acute experiments portray the essential features of 
the typical femoral pulse observed in clinical cases of aortic insufficiency, the same 
basic dynamics would appear to be involved in both instances. 

The dynamics of the normal radial pulse have not been studied as intensively as 
in the case of the femoral pulse, but there is every reason for assuming that the same 
fundamental principles apply to both pulses. The only major difference between 
these two pulses is that the brachio-radial system is not a part of the central aortic 
resonator but has a standing wave system of its own (10). Nevertheless, in theory 
such a system should be influenced by aortic insufficiency in the same manner as the 
aortic-femoral system. The actual recordings of radial pulse changes reproduced 
in the foregoing figures are quite in accordance with this prediction. 

It will be noted that in the present study we have never observed pulses with 
the complex double peaks described by Fell and Gilder (3). Unlike the defect pro- 
duced here, however, rheumatic valvular disease typically produces a significant 
degree of stenosis accompanying aortic insufficiency. Katz et al. (13) have shown 
that with aortic stenosis there is a sharp initial rise in pressure in the central aorta 
followed by a more gradual rise to a summit late in systole. This ejection pattern 
superimposed upon the dynamic alterations due to aortic insufficiency could readily 
result in exaggerated water hammer effects so as to yield pulses of the bisferiens type. 
We would, therefore, agree with the general interpretation proposed by Feil and 
Gilder that their various pulse types of the water hammer, anacrotic, and bisferiens 
classes were essentially different forms of the same basic process. In addition, it 
might be noted that the sphygmographic technique employed in clinical studies must 
inevitably lead to some compression of the artery at the point from which the record- 
ing is obtained, a process which in itself may contribute to oscillations of the water 
hammer type (5). 

In regard to the degree of dicrotism of the pulses, it foUows from our argument 
that any significant degree of aortic insufficiency must inevitably be accompanied by 
a reduction in the magnitude of the standing wave oscillation responsible for the 
dicrotic waves. This does not imply that there must be a complete absence of a 
dicrotic wave in the typical clinical case comparable to that observed in extreme 
experimental aortic insufficiency. In the second and third pulses in figure 2 it will 
be noted that some dicrotic wave persists even though the central pulses indicate a 
definite valvular insufficiency. In chronic lesions in which the defect had been more 
fully compensated, an even greater persistence of the dicrotic wave is to be antici- 
pated. Nevertheless, there appears to be no sound theoretical or factual basis for 
Luisada’s contention that in aortic insufficiency there is an accentuated dicrotism (4). 
Actually his own published figures as well as the pulse tracings published by others 
offer no support for such a viewpoint. The change in pulse form observed by 
Luisada with occlusion of the artery would appear to have quite a different explana- 
tion (5). Therefore, since the diminution of the dicrotic oscillations reduces the 
tendency for the pulses to fall sharply into the dicrotic notch, it is apparent that the 
term ‘collapsing’ is highly inaccurate as a characterization of the Corrigan pulse. 
This conclusion is in accord with the suggestion made by Feil and Gilder (3) that the 
collapsing quality ‘is more imagined than real.’ 
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SUMJtARV 

Insufficiency of the aortic valves was produced acutely in ancsthcti/xid dogs while 
recording with optical manometers the femoral arterial pulse together with the simul- 
taneous central aortic pulse, and in some instances the radial pulse. Analysis of the 
pulse pressures obtained in these recordings, when compared with pulse pressure 
clianges obtained under a variety of other conditions, indicate that there is nothing 
unusual about the peripheral pulse pressures in aortic insufficiency'; the large values 
observed are merely a consequence of tlic large central pulse pressure together with 
the relative augmentation of this pulse pressure that is observed in normal peripheral 
pulses. 

A water hammer oscillation is responsible for the sharp upstroke and irrcguhiri- 
ties on the ascending limb of peripheral pulses in aortic insufficiency, although the 
water hammer does not produce the high systolic peak of pressure. The catacrotic 
limb of the peripheral pulse in severe aortic regurgitation is diaractcrized by an ab- 
sence of tlie dicrotic waves. This is due to a loss of the resonant properties of the 
aortic system which give rise to the aortic standing wave. The present study gives 
added support to this standing-wave concept. 

In relative terms the Corrigan pulse does not fall as rapidly as the normal pulse 
since it does not e.xhibit the dip into the dicrotic notch. It therefore cannot be accu- 
rately characterized as a ‘collapsing’ pulse. 
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OBSERVATIONS ON THE HEPATIC VENOUS CIRCULATION 
WITH SPECIAL REFERENCE TO THE SPHINCTERIC 

MECHANISM 

WALTON D. THOMASi akd HIRAM E. ESSEX 
From the Division of Experimental Medicine, Mayo Foundation 

ROCHESTER, SHNNESOTA 

I T HAS been demonstrated by Grana, Mann and Essex (i) that the intravenous 
injection into dogs of a number of substances, such as extracts of Ascaris sutun 
and hydatid cyst fluid, caused a marked engorgement of the liver whether in vivo 
or in vitro. In an intact animal the hepatic congestion was accompanied by severe 
shock as evidenced by an extreme decrease in arterial blood pressure and death of the 
animal if the dose of the substance was sufficiently large. That the cause of death re- 
sided in the liver was shown by the fact that hepatectomized dogs were little affected 
by doses that had proved lethal for dogs possessing their livers. 

The present report is the result of an investigation of the possible hepatic vascu- 
lar mechanism by which the findings just mentioned were obtained. 

Numerous studies of the physiology of the hepatic blood vessels have been made. Bauer and 
his associates (2) have reviewed the earlier work which recognized that blood flow through the liver 
depends partially on intrahepatic mechanisms. Mautner and Pick (3) postulated that the hepatic 
veins might serve as a ‘throttle’ mechanism. They described a ‘nervous mechanism’ located in the 
end capillaries of the portal vein or the beginning capillaries of the hepatic vein or in between, which 
resulted in spasm of the capillaries when activated by injections of peptone or histamine or by an 
anaphylactic response. Subsequently, Mautner and Pick (4), and numerous other workers, have 
elaborated and modified their original idea but the ‘throttle’ mechanism as a basic physiologic con- 
cept persists. The modifications of the idea of a throttle mechanism have been concerned with its 
exact location within the liver, the species variation in its operation, and pharmacologic responses of 
the mechanisms. 

An early recognition of the anatomic variations in the hepatic veins was made by Brissaud and 
Sabourin (5), who described valves formed from folds of the vessel wall and reinforced by muscle 
fibers. These were present in the dog and seal. Mall (6) noted a difference in the portal and hepatic 
veins and described the normal structure of the hepatic veins as being a ‘spiral valve,’ in the dog and 
cat. Gilbert and Villaret (7) doubted that the structures were valves and described them as ‘furrows’ 
or simple folds in the walls of the subhepatic veins. This term was used in contradistinction to 
valves. All of these were purely anatomic observations. The structures were considered normal 
hepatic anatomy and not until Mautner and Pick’s (3) observations concerning the effect of ‘shock 
poison’ on the hepatic veins specifically was the difference in the anatomy of the portal and hepatic 
veins considered physiologically significant. Subsequently numerous anatomic and physiologic 
studies have been made on the so-called throttle or sphincteric mechanism. 

Several significant observations have been made on the anatomy of the hepatic veins since their 
importance was recognized. Arey and Simonds (8) showed that the hepatic veins of dogs contained 
a relatively enormous amount of smooth muscle in comparison with the hepatic veins of the other 
mammals studied. 

Received for publication March 25, 1949. 
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Elias and Feller (o) described a constriction protmdinf: into tbc lumen at tlie cival end of cacb 
hepatic vein in freshly obtained human livers fixed v/ith hot (70" to 80* C.) formalin. Miyake (to) 
stated lliat the hepatic veins of the human, in contrast tvilb the portal venous branches, arc tr|uipped 
witli a ratlicr thick coat of longitudinally disposed muscle fibcr.^. Popper (u) made a ratlier co.m- 
plctc anatomic .study of tlic hepatic vessels and concluded likewise riiat dogs b.ad relatively large 
amounts of sraootli muscle in the hepatic veins, lie nlro studied veins fixed under the inHuence of 
histamine and found almost complete closure. Man had relatively le.ss rmooth muiclc, but Popper 
c.xprcsscd tlic belief that tlierc svas some evidence of a tlirottlc action svherc .smaller radicles opened 
into larger veins. 

Arcy (12) reported that after studying 30 mammalian species, only 3, the dog, raccoon and seal, 
showed peculiar arrangements of muscle in the hepatic venous tributaries. He des^cribed the dog’s 
hepatic veins as containing longitudinal smooth muscle in tlic larger tributaries; and in the centra! 
and sublobular veins it assumes shapes which may be interpreted as ringi or .•pirals, 

Dcysach (13) described a new anatomic structure to help account for the 'throttle’ mechanism. 
In a study of the cat and rabbit particularly but including various otlier animals (raccoon, Mrginia 
opossum, grizzly bear, white-tailed deer and otlicrs), he described wLai he called 'sm.all sluice chan- 
nels.’ These small sluice channels arc peculiar side branches of the sublobular ^-cins whidi arise from 
the confluence of many sinusoidal capillaries. They penetrate more or less pcipcndicularly through 
all of tlic tunics of the sublobular veins. Normally, in Dcy.s.ich’s opinion, these small sluice channels 
are open and a greater or lesser amount of blood from the sinusoidal cnpillaric.'; by-pas,.?c$ the central 
veins and flows directly into the sublobular veins. Wlicn tlic throttle mechanism is actis-ated, the 
constriction of the sublobular veins doses the osli.! of tlicsc small sluice channels, fo.ming all the 
blood to pass through the central veins, which he termed, for purposes of comparison, ‘large sluice 
channels.’ These, Dcysach statc<l, arc also narroxved by the contraction of the sublobular veins but 
are not obliterated as arc the small sluice channels. He studied the effect of various dregs on these 
small sluice channels. Epinephrine and atropine relaxed the sublobular veins and opened the small 
sluice channels, but mccholid chloride and pilocarpine dosed tlicm. 

Snyder (14) reviewed the literature on the anatomy of tlic hepatic veins, cmph.Tsizing the re- 
views and discussions of this subject by Pfuhl and Tischendorf. He stated that the veins of tlie 
livers of man}’ vertebrates have a peculiar distribution of smooth musde. In hepatic veins and 
venules of dogs and amphibious mammaks, “the smooth muscle cdls arc not arranged in continuous 
sheets as in ordinary vdns, but grouped into slender spirally arranged bands, and especially where the 
hepatic venules empty into the hepatic vein, tlic band becomes thickened and quite annular, so as to 
provide a sphincter.’’ He stated that humans have drcular and longitudinal sheets of smooth mus- 
cle in the hepatic veins as well as annular sphincters at the vena caval ostia which sciwe in a maimer 
similar to sphincters of the alimentar}' canal. 

Du Mais (is) studied the normal and pathologic vasculature of the liver by injection of neo- 
prene latex to make corrosion casts. He described a series of ringlike constrictions throughout the 
entire hepatic vasculature indusive of tlic central vdns. This was most marked in the hepatic vdns 
of the dog. Tliesc were less prominent, but present, in tlic rat. Du IMais also described rings of 
contraction in the portal vein and venules which were less pronounced than in the hepatic veins. 
Similarly he described a characteristic constriction pattern in the hepatic arten’. He stated that the 
segments were much doser to eadi other than in the vdns but the constrictive folds were intermediate 
in size between those of the hepatic and portal vdns. 

Weatherford (16) studied the histologic anatomy of the livers of animals in anaphylactic shock. 
In addition to great increases (up to 8 J times) in l}’mph flow and a marked fall in arterial blood pres- 
sure he observed certain microscopic changes in the hepatic tissues. He noted an initial swdling of 
the hepatic cdls, followed later by ‘doudy swelling,’ hydrops, vacuolization of the cytoplasm and 
central necrosis of the cdls. Later still he observed stasis of the blood in the narrowed distal sinus- 
oids which led to formation of hyaline plugs or tlirombi. 

The previous pharmacologic studies divide themselves into those designed j) to determine the 
location and 2) to determine the nature of the sphinctcric mechanism. 

One of the early studies was that of Mautner and Pick (3), in which the effects of anaphylactic 
shock, peptone shock and histamine shock were investigated and tlic physiologic mechanism of tlic 
shock was found to be in tlie liver. 
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Simonds and Brandes (17) agreed that the mechanism of peptone shock -was in the liver, and 
they further localized it in the hepatic veins. They found that livers of shocked animal.; showed a 
marked decrease in blood outflow. Also, if the liver was placed in an airtight chamber and its vol- 
ume was measured accurately, the volume increased when perfused into the portal vem and decreased 
when perfused into the hepatic vein, showing that the block was on the hepatic venous rather fl^an 
the portal venous side of the central vein. 

Mautner and Pick (4) likewise made studies of the changes in volume produced by histamme to 
confirm their original impression that the sphincteric mechanism was on the hepatic venous side. 
They localized the mechanism in the smaller tributaries. 

Bauer, Dale, Poulsson and Richards (2) studied the effects of various doses of epinephrine and 
histamine. Their conclusion was that the sphincteric mechanism was located near the caval open- 
ings of the hepatic veins of the dog, and that the tone of the vascular tissues was increased by hista- 
mine and relaxed by small doses of epinephrine. They further added that there was less complete 
evidence that the constrictor effect of histamine extends with diminishing effect on the deeper part 
of the hepatic veins and their branches. They felt that the liver of the cat and the goat did not 
show definite evidence of a constrictor mechanism. 

As already stated, Grana, Mann and Essex showed conclusively that the sphincteric mechanism 
when activated by injections of extracts of Ascaris sumn, was in the liver and in the hepatic veins. 

In addition to these pharmacologic efforts to locate the mechanism, other experiments have been 
done to determine what drugs cause relaxation or constriction of the mechanism. Snyder concluded 
that cholinergic drugs caused a contraction of the mechanism, and that adrenergic drugs have either 
little or no effect on the mechanism. 

Waters and Markorvatz (18) showed that typical anaphylactic shock could be obtained in liver- 
less dogs. This contradicted the earlier opinions that the sphincteric mechanism was the essential 
factor in canine anaphylaxis. They did not deny, however, that in the dog with a liver, the liver was 
an important influence in the production of shock, 

Tainter and Dock (19), Wollheim (20), Katz, Rodbard, Friend and Rottersman (21), Katz and 
Rodbard (22) and others showed that digitalis in appropriate doses increased the portal pressure and 
reduced blood voliune through activation of the sphincteric mechanism of the hepatic veins. 

There has been some conjecture as to the purpose of the sphincteric mechanism. Arey pointed 
out that the activity of the sphincteric mechanism has been emphasized in anaphylactic shock. This 
is probably a rare phenomenon in the dog in nature. He suggested that the alternate relaxation and 
contraction of the smooth muscle of the hepatic veins might be a method of aiding circulation in the 
normal animal. 

Lamson and Roca (23) approached the usefulness of the mechanism from a somewhat different 
angle. They pointed out that by constriction of the sphincteric mechanism, the portal pressmre, and 
therefore the filtration pressure, is increased. The liver can handle large amounts of fluid, and in this 
way can remove fluid from the circulation without the fluid’s being lost from the body. 

Up to the present none of these hypotheses of the location or purpose of the sphincteric mech- 
anism has been universally accepted. 


METHODS 

The observations reported in this paper were made on 30 dogs, 5 cats, 6 rabbits 
and 8 rats. All animals were anesthetized with pentobarbital sodium. 

In all dogs the carotid arteiy was cannulated and attached to a mercury manom- 
eter. The portal vein and systemic venous pressures were obtained by the inser- 
tion of polythene tubing into the vein after the method of Hoffbauer, Bollman and 
Grindlay (24) and attachment of the tubing to water manometers. Enough heparin 
was used to prevent the clotting of blood in the manometer system. 

In the first 8 experiments the location of the tip of the tubing used for measuring 
portal venous pressure was varied between the splenic vein, a large mesenteric vein, 
the portal vein and as far as 9 cm. within the substance of the liver by way of the 
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portal vein. Variations in the position of the cannula within these limits did not varj" 
tlic responses; consequently in all subsequent experiments the portal vein was cannu- 
lated by way of a small branch of the splenic vein. TJie tip of the tubing was then 
threaded through the portal system into the portal vein itself so that it lay between the 
last tributary branch and the liver itself. 

Similarly the systemic venous pressures were measured at \'arious levels in- 
cluding the jugular, superior vena ca\'a, inferior vena cava, hepatic vein and up to 
8 cm. within the liver itself by way of an hepatic vein. These various j>osilions of the 
tubing did not alter the character or degree of change in the venous pressure. Con- 
sequently in subsequent experiments, the vein most convenient in that particular 
animal was used. Frequcntl}' it was the jugular vein with the tip of the tubing passed 
into the superior vena cava. The procedures followed when cats were used were the 
same as described for the dog. 

In the e.xperimcnts with rabbits, only arterial pressure was measured. In the 
experiments with rats, pressure measurements were not taken. 

The Ascaris extract was prepared as described by Machcbocuf and Mandoul (25). 

In the observations of the effects of anaphylaxis on the hepatic circulation the 
dogs Avere sensitized by alternate intravenous and subcutaneous injections of i cc. 
of horse serum given daily for 6 days. Anaphylaxis Avas induced in the third Avcck 
by the intraA'enous administration of 5 cc. of horse scrum. 

The material used for the injection mass Avas vinyl acetate (Ward Biological Co. 
Rochester, Ncav York). It Avas injected from drj' syringes and a dr\' needle Avith the 
use of a large glass S3'’ringe. Because of its rapid hardening, it aams injected as speedily 
as possible. One hundred cubic centimeters of the vin^d acetate Avcrc injected in 
most of the Infers in order to compare more effectively the iicpatic circulation of 
controls and treated animals. 

Smaller amounts of vinyl acetate Avcrc used for the rat, rabbit and cat. The 
injections Avere usually done imniediatcl}' after ligation of the vena oiva above and 
below the liver. In the controls this aams done, Avhen possible, Avhen blood pres- 
sure and all conditions AA-ere normal. The ligations Avere done rapidh’ and the in- 
jections Avere made immediately thereafter. 

Injections Avere made into the hepatic artery and the portal vein and in a retro- 
grade manner into the hepatic A'cins. In several livers injections Avere made into the 
portal as well as the hepatic vein. 

After injection, the li\’’ers Avere alloAA'cd to remain in situ from 10 to 30 minutes. 
They were then removed and placed in glass jars containing concentrated hydro- 
chloric acid for the digestion of the hepatic substance. Tlie time required for this 
depended on tlie relative quantity of hydrochloric acid to hepatic substance and 
varied from several hours to several daj's. It could be hastened by the addition of 
relatively large amounts of concentrated acid. The specimens AA-ere then Avashed in 
Avater and examined under the dissecting microscope. Neutralization of the acid 
residue by washing in soda solution has proA'ed advantageous. 

RESULTS 

Controls. In the control dogs, the injection mass filled the veins of the livers 
Avhen injected from the portal as Avell as the hepatic venous side. The finest trib- 
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utaries, exxluding tlie sinusoids themselves, were usuallj^ filled. There were occa- 
sional rings of constriction observed in the hepatic veins but these were relatively few 
and appeared to be shallow. No rings of constriction were observed on the portal 
side. 

Ascaris Smim Extract. The injection of 5 cc. of a saline extract of Ascaris suum 
caused the intensive response previously described by Grana, Mann and Essex. The 
liver became turgid and purplish — ahnost black — it increased 50 to 150 per cent in 
Size, and its surface exuded sanguineous fluid. Smears of this fluid showed the pres- 
ence of many red cells. The portal pressure rose raj^idl}' and to dramatic heights. 


Fig. I. A. {upper). C.\ST OF HEPATIC 
VEINS of a control clog. B. {tov:cr). Cast 
of the hepatic veins after an injection of 
an extract of Ascaris suum. This cast was 
indistinguishable from those made after 
anaphylactic or histamine shock had been 
induced (^- natural size). 




On one occasion it rose from 7 to 31 cm. of water. The usual rise was 10 to 20 cm. of 
water above the control pressure taken before administration of the drug. Thus 
it is seen that the increase in portal pressure was from 70 to 300 per cent. The 
systemic venous pressures fell from 2 to 6 cm. during the rise in portal venous pres- 
sure. This occurred whether or not the tubing was passed up to 8 cm. within the 
substance of the liver, which was, therefore, well beyond the junction of the hepatic 
veins and the vena cava. The carotid pressure, as measured by a mercury mano- 
meter, decreased depending on the dosage of Ascaris extract, from an initial value of 
100 to 170 down to 40 to o mm. of mercury. Five cubic centimeters of the crude ex- 
tract as an initial dose was practically always fatal, but as little as 0.05 cc. for each 
kilogram of body weight in a few experiments caused all the foregoing effects and the 
death of the dog. 
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All e.x.-iminulion of ifie cast of Die veins of the iivcr siio\ve(S iif) unusual effect 
on the portal sy.slcm, but the chatiftcs in the liepatic venous sy.stem were tlramalic 
and very remarkable. (Jro.ssl)’ the ca.sl of lhe.se ve.ssels ajtpeared to be made up 
onlj’ of large ve.ssels because many of the .^mailer branches diri not fill. On in- 
spection of the cast with the aid of a dissecting microscope, it wa.s evident that there 
was an intense spasm of the entire hepatic venous vasculature. This spasm took the 
form of bands of constriction arranged in a spiral fashion, which frerpienlly gave the 
vessels the appearance of a corkscrew. 'Phis wa.s more iironounccd in the smaller 
ve.ssels, but occurred delinilcly also in many of the larger one.<. In .‘•ome instances 
the constriction appearcfl to be more pronounced at the junction of two ve.sscl.'. 
The effects of e.xtracTs of .A.scaris suum were also marked on four i.'^oiaied perfused 
livers of dogs (figs, i and j). 



I''ig. 2. I’Kioi'iiiacM, POKTio.N- of Jin hepatic vein showing the spiral form of tlic smaller branches 

Anaphylaxis. Two of the 4 dogs were insuthcicnlly sensili/.ed and a drop in 
carotid pressure or any other signs of anajihyla.xis did not follow the injection of the 
horse serum. There was not a change in portal venous presstire or in the gross 
appearance of the liver. Consequently the livers of these tlogs were not injected. 
After the injection of the antigen the other 2 animals showed a tyjiical tmaphylactic 
reaction with a sharp decrease in carotid artery blood jircssure. In the first dog the 
portal pressure rose from 8 to 25 cm. of water and the carotiil blood pressure fell 
from iGo to 10 mm. of Hg. 1’he lix'cr was injected in a retrograde manner, and the 
cast of the vessels showed the typical corkscrew -like ]iat tern . The second dog showed 
a similar reaction (figs, i and 2). 

Histamine. Four dogs were injected with 0.01 mg. of liistaniinc base jicr kilo- 
gram of body weight. A response of the hepatic vessels similar to that described for 
anaphylaxis was obtained. Two of the lix’crs of dogs tliat received i mg. of hista- 
mine were injected with vinyl acetate and showed the tyjiical rings of constriction. 
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Anoxia. In one dog, the hepatic artery was ligated. After 2 hours, the liver 
was mjected with vinyl acetate. The cast of the hepatic veins showed the typical 
rings of constriction. 

Cals. Five cats were injected with extracts of Ascaris suum. The hepatic 
circulation of 2 showed the typical response. The livers of the cats did not show the 
dark color seen in the livers of dogs. Two gave an atypical response, one of these 
showed a rise in arterial blood pressure. Casts of the vessels of the livers that re- 
sponded showed contraction rings which were much less pronounced than in the dog. 

Rabbiis. Observations were made on 4 rabbits. The carotid blood pressure 
decreased after injections of extracts of Ascaris suum. Casts of the blood vessels of 
the liver were not greatly different from those of the controls. 

Rais. Eight rats were used. Three were used as controls. Five were given 
injections of Ascaris extract. The effects on the liver were questionable. Constric- 
tion rings could be seen in the casts of the hepatic vessels, but they were less pro- 
nounced than those seen in the casts of the hepatic circulation of dogs. 

SUMMARY AND CONCLUSIONS 

The existence of a sphincteric or ‘throttle’ mechanism in the liver of the dog has 
long been appreciated. Largely on a histologic anatomic basis it was considered 
unique to dogs. Two principal ideas as to its exact location have been put forward. 
Mautner and Pick (3, 4) localized it in the smaller hepatic veins. Bauer and his 
associates presented evidence that it was a muscle ring at the entrance of the hepatic 
veins into the vena cava. This was based on a physiologic and anatomic conception. 
This latter view has gained most acceptance. We first accumulated evidence that 
there was not a marked constriction in that part of the hepatic vein by passing a 
polythene catheter up to 9 cm. within the liver, well beyond any single sphincter, and 
finding pressure readings typical of the systemic venous pressure rather than the 
portal venous pressure following injections of appropriate drugs. 

This study has shown that the mechanism is, in fact, a diffuse spasm of the 
entire hepatic venous side of the vasculature of the liver. This is even more pro- 
nounced in the smaller vessels than in the larger ones. 

This spasm may be induced in dogs by extracts of Ascaris sumn, hydatid cyst 
fluid, anaphylactic shock, histamine, digitoxin and probably by protamine. It has 
also been observed after the hepatic artery had been occluded for 2 hours. These 
constriction rings were not present or were extremely slight in the livers of several 
control dogs. 

The hepatic venous spasm has been produced in some but not aU cats, and 
in white rats, but insufficient data were obtained to draw final conclusions in this 
regard in species other than the dog. 

Accurate localization of this mechanism should open new areas for investigation. 
It is obvious that observers in the past have looked for a different type of mechanism. 
There is some evidence in this study that other animals show the phenomenon. 

There is slight suggestive evidence that this mechanism may be present in man. 
This is listed as follows: z) the well-known shock caused by spillage of hydatid cyst 
fluid into the peritoneal cavity, which may be caused by a spasm of the hepatic 
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venous system; 2) certain cases of Chiari’s syndrome in v,*hich a closure of hepatic 
veins is discovered at necropsy; j) the much-disputed reduction in circulating blood 
volume on digitalization of a patient, which may be owing to rut increased resistance 
of the hepatic veins resulting in storage of blood in Uie liver. 
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HYPOPROTHROMBINEMIA DUE TO LOSS OF INTESTINAL 

LYMPH 
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D uring investigations (i, 2) conducted on rats which had complete intes- 
tinal l)Tnph fistulas, it was noted that clotting of the l3Tnph in the cannu- 
las rarely occurred after the first eighteen hours of the experiment. Ani- 
mals which had lost lymph, moreover, sometimes bled excessively from very min or 
abrasions, at times bled spontaneously into the cannula, and were more than usually 
likely to have pericardial hemorrhage after puncture of the heart. The present study 
was instituted to investigate this tendency to bleed. 

METHODS 

The experimental animals were male albino rats of the Sprague-Dawley strain 
weighing igo to 220 gm. They were fed a standard commercial ration prior to opera- 
tion and a balanced diet ad lib, or by stomach tube, after operation. The operative 
technics employed and the cages in which the animals were maintained have been 
described previously (3, 4). Specimens of blood were obtained by puncture of the 
heart, with the animal under ether anesthesia, at the various times indicated (tables 
I to 4). Specimens of lymph were collected in Erlenmeyer flasks containing 5 cc. of 
tenth-molar solution of sodium oxalate. Prothrombin assays were made by a slight 
modification of the two-stage procedure (5). The vitamin K preparation used was 4- 
amino-2-methyl-i-naphthol (as the hydrochloride). One milligram of this was given 
subcutaneously. 


RESDETS 

Seventeen normal rats studied in this series had an average plasma prothrombin 
concentration of 336 units per cubic centimeter with normal values ranging from 270 
to 400 units per cubic centimeter. 

In animals which had lost all their intestinal lymph marked hypoprothrombinemia 
developed (table i). This developed within eighteen hours after lymphatic cannula- 
tion and persisted as long as free flow of lymph continued. Vitamin K given paren- 
teraUy prevented the development of this h3^oprothrombinemia (table i) and cor- 
rected it completely after it had developed even with continued loss of lymph (table 
2). 
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One animal (table 3), given vitamin K, was able to correct its b\'poj)rothrom- 
binemia and to maintain its plasma prothrombin at normal Icv'cls, even though it 
was bled excessively on two successive days and even though it lost appreciable quan- 
tities of prothrombin in the lymph. 

The intravenous injection of large quantities of fresh rat plasma into animals 
with intestinal bonph fistulas gave an immediate partial restoration of the concen- 
tration of plasma prothrombin, but 24 hours later, hypoprothrombinemia was again 
extreme (table 4). In i animal the intravenous injection of 15 cc. of fresb rat plasma 
on trvo successive days likewise failed to prevent the development of hypoprothrom- 
binemia. 

TABcn I. liypoi’ROTmoiimsFMiA our. to loss or isrusTtUM, evsira; its rKi:vr..vnox bv vrr.<ui.v k 


SATS CIVC.V 

It*. Artri cA>;wMno!f 

rUTUA rrontiouiSK 
v/a. 

No vitamin K 

iS 

43 


A • 

A .f 

31 


•IS 

< 10 


46 

<10 


40 

16 


.)R 

<10 


4 S 

-3 


70 



/ • 

A 

0 


91 

-3 

Vitamin K 

•tS 

270 


70 

400 


Table 2. A striking response to vitamin k (rat e., weight 240 gm.) 


rsoTntoujisj; 


nOUKS SIKCK 
CAKNULATIOK 

TOTAL L^'itrn 

cc. 

In l>Tnph 


In pIiiM 



Vnili ftt cc. 

Tact 

U niti ptf cc. 

24* 

27 

16 

430 

16 

48 

42 

57 

2,400 

400 


’ 2 cc. blood drawn, then i mg. vitamin K injected. 


DISCUSSION 

Hypoprotlirombinemia has been produced in the rat by otiier methods (6-9) The 
complete loss of intestinal Ijmiph produced it both promptly and to a profound de- 
gree. One animal with an hepatic lymph fistula, on the contrary, gave a good flow of 
lymph for 43 hours witliout development of hj-poprothrombinemia. It is important 
to emphasize not only this specificity of the intestinal lymph in producing this effect, 
but also the fact that all the intestinal Ijmiph had to be drained externall}'- or else no 
change occurred in the blood. Attempts to correct the hypoprothrombinemia by 
reinjecting the collected lymph, however, proved unsuccessful because of toxic mani- 
festations. 

The amount of protlirombin actually lost in the intestinal lymph is relatively 
small and most of tlie decrease of the plasma prothrombin must be due to its (nor- 
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mal) utilization and lack of formation. It would appear that all of the vitamin K 
absorbed from the intestine enters the body by way of the intestinal Ijmiph. The in- 
testinal lymph, in contrast to Ijrniph from other parts of the body, contains consider- 
ably more fat and phospholipids than does the plasma even after long periods of 
fasting. Fat-soluble vitamin K, formed by intestinal bacteria, is being supplied to 
the body during fasting. 

The rapidity witli whicli h^-poprothrombinemia develops under the conditions of 
these experiments, shows that, in the rat, very little vitamin K is stored, that vita- 
min K is continuall}’’ in demand to permit prothrombin synthesis, and that pro- 
thrombin reserves are small. Since large quantities of plasma fail to maintain the 

TaBI-E 3 . MaIKTENAXCE of TirE LEVEL OF PLASMA PROTimOltniX WITH VITAXON K, DESPITE LOSS OF 
BLOOD AND ECTESTIKAL LVMPH (RAT Ej, WEIGHT 220 GM.) 


noCKS SINCE 
CAN-XtOATIOS 

total LYurn 
u. 

rROTirEoitniN 

In bmph 

Units per ce. Total 

In plasma 
Units per ce 

; 4 » 

62 

27 1,670 

no 

48 * 

41 

27 1,110 

340 

72’ 

SS 

14 770 

340 


* 4.5 cc. of blood dravTi, then i mg. viLimln K injected. 

* 4.5 cc. of blood drawn; 5.6 gm. of hemoglobin per loo cc. 


Table 4. Effect or ln'jectio.v of PLASitA 

rtASUA rSOTHBOUBIX 


Tiin; 

Rat I 

Units per cc. 

R.at I 63 

Immediately prior to injection. 

13 


20 

Immediately after injection 

175 


165 

I hour after injection 

17s 


175 

24 hours after injection 

55 


19 


Twenty-four hours after cannulalion of intestinal lymph vessels 10 cc. of fresh rat plasma con- 
taining 340 1; prothrombin cc, was injected intravenously into each of 2 rats. Blood specimens were 
drawn at stated times. 

prothrombin concentration, it seems likely that plasma contains little vitamin K and 
inadequate prothrombin to supply the animal’s requirements for longer than a few 
hours. The ability of the rat to maintain an adequate concentration of prothrombin 
despite marked loss of blood and 13'^mph shows that, if vitamin K is given, prothrom- 
bin can be formed despite depletion of protein, 

SUMMARY 

When all of the intestinal lymph of the rat was drained externally, marked hy- 
poprothrombinemia, as determined by the two-stage method, developed rapidly, 
usually within 24 hours. If adequate amounts of vitamin K were administered paren- 
terally, a normal level of prothrombin was maintained, despite loss of lymph and even 
of considerable amounts of blood as well. Transfusion of twice the animal’s normal 
volume of plasma did not maintain a normal value for protlirombin while lymph was 
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lost. Under the conditions of these e-xperiments it nppenred that\dt.imin K v.-as ab- 
sorbed practically exclusive!}’ througli the lymph and verv’ little of it vms stored, 
\Yhilc the turnover of prothrombin was extremely rapid, 
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EFFECT OF ASCORBIC ACID, D-ISOASCORBIC ACID AND 
GLUCOASCORBIC ACID ON COBALT POLYCYTHEMIA 
IN THE RAT AND RABBIT 

STANLEY LEVEY 

From the Department of Physiological Chemistry, Wayne University College of Medicine 

DETROIT, MICHIGAN 

and the Wayne County General Hospital 
ELOISE, MICHIGAN 

B arron and Barron (i) have demonstrated that the simultaneous adminis- 
tration of ascorbic acid with a cobalt salt to rabbits prevented the develop- 
ment of polycythemia. If their animals were allowed to develop the poly- 
cythemia, then the intravenous administration of 6o mg. of ascorbic acid per day 
restdted in a decrease in both the red ceU count and the hemoglobin content. Davis 
(2) found that the oral administration of 8 mg/kg. of ascorbic acid to dogs reduced 
the polycythemia resulting from the administration of cobaltous chloride. On the 
other hand Chen (3) reported that supplementing the diet of mice with ascorbic 
acid increased the red cell count and hemoglobin concentration. No cobalt was 
used in his work with mice. 

The present study was initiated in order to determine whether ascorbic acid had 
a similar effect in the polycythemic rat as that reported in the case of the dog and 
rabbit. Also, an attempt was made to determine whether tlie reported effect was 
due to the ascorbic acid per sc or whether compounds with similar structures but with- 
out the Vitamin C activity could alter the comse of cobalt polycythemia in the rat 
and the rabbit. 


METHODS 

Polycythemia was produced in hooded rats by the daily administration of 
cobaltous chloride subcutaneously at a level of i mg. per day, 6 days a week. This 
is essentially the method of Or ten (4). The animals received the cobalt injections 
during the entire study. The diet consisted entirely of Purina dog chow. When the 
elevated hemoglobin concentration appeared stable for at least two weeks, the 
various substances to be tested were administered either orally or intravenously. 
The oral feedings were accomplished by the use of a rigid stomach tube. All intra- 
venous injections were made in the tail veins. When rabbits were used the animals 
were rendered polycythemic by the subcutaneous administration of 10 mg. of cobalt 
chloride per day in the form of a i per cent solution (i). The rabbits were fed Purina 
rabbit chow supplemented by cabbage twice a week. After the animal became poly- 
cythemic the ascorbic acid and its derivatives were given intravenously into one of the 
marginal ear veins. All animals were still receiving the cobalt when the test acids 
were injected. 
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Hemoglobin concentrations were estimated by the acid hematin method vdth 
the final readings being made in a [ihotoclcctric colorimeter. The instrument was 
calibrated witli human blood whose oxygen capacity had been detennined. 

Ascorbic, n-isoascorbic, and n-glucoascorbic acids’ were tested for their jxassiblc 
effect on cobalt polycythemia. In the case of the rats, ascorbic and isoascorbic 
acids were given at two levels, 25 or 50 mg. per day. Gliicoascorbic acid was ad- 
ministered at a level of 32 mg, per day, an amount equimolar to 25 mg. of ascorbic 
acid. Solutions to be given intravenously were ncuirnliacd with the theoretical 
amount of NalTCOa immediately before their administration. Tiic rabbits all 
received the 50 mg. dose of ascorbic and isoascorbic acids and a 64 mg. dose of the 
glucoascorbic acids. 

Tabu: i. Errr.cr or ascobbic, tsoascouiuc, akp r.u;coA‘:an:t!!C ACtnj os- tuk nr,!ip>r,Loc:,v 



cos'cr.: 

rniATiON' or tiik bloou or Tin; ray 

1 

1 

1 i 

j 1 

DO'n ! 

1 

i 

1 

^ 

1 * ' 

SOCtl nr ' Wttil aft'f lirr'W'.jr.'. 

i i ! -- - -- 

i ! ; • i 2 

Control, no coliall 

i . . 1 

1 nf/ 4 . 5 >' j 

i i ; 1 

1 IS 1 U.I ± O.J'I r.;.; ± ©.j’l m.i c.i‘ 

Control, plus coh.ilt 

Ascorbic acid J 

^ 1 
1 SO 1 

1 i 0 1 17.9 :i: o.z 1 17. S dr o.j 1 1S.4 dr 0.2 

1 Onilly i A 1 tS.: ± 0.7 j 17. S rt 0.6 | r.S.j ± 0.5 

Ascorbic acid j 

i 25 

Orally i 5 ; 17. S; ± 0..1 j 17.0 d: 0.3 j 17. S d: 0.6 

Iso-ascorbic acid ! 

^ 50 i 

Orally | 5 i 17.1 d: o.i | 17.2 dr 0.7 ^ 17.5 d: 0:7 

Isoascorbic acid 

1 ^5 

■ i 

Or.ally • 5 1 1S.4 ± 0.3 j 17.0 dr 0.3 ; 17.3 rb 0.5 

! Orally | 5 1 17.7 dr 0.4 i iS.i dr 0.3 ! 17.4 ± 0.7 

Glucoa.scorbic acid 

Ascorbic acid as sodium 
salt 

1 

1 -5 

! f 1 { ; 

ill 1 ; 

t I. V. j II i jS. 4 dr O.J 1 17. .S d: 0.3 1 iS.I rir 0.5 

Isoascorbic acid as sodium 
salt 

[ 

i -5 

! i 1 i ! 

I. V. 1 6 j 17.8 dr 0.2 17. S dr 0.4 i 17.7 =2 0,4 

Glucoascorbic acid as so- 
dium salt 

32 

ill 1 [ 

I.V. I s j 17.4 rb 0.3 1 X 7 .S 2b 0.3 1 I7.r rbo.4 


'Standard error = ± \/tSdVN(K — i). 


RESULTS 

The first group of rats received orally 50 mg. per day of either free ascorbic or 
isoascorbic acids for a tavo-w'eelc period without producing any effect on the hemo- 
globin level of the blood. From these data it appears tliat neither orally administered 
ascorbic nor isoascorbic acids bad any effect on the polycythemia produced by cobalt. 
The data are summarized in table i. 

In the remainder of the studj"^ on rats smaller doses of the various acids were 
used because attempts were made to administer the test substances on an equimolar 
basis, and free glucoascorbic acid possesses a limiting solubility. The oral adminis- 
tration of ascorbic or isoascorbic acid at 25 mg. per day for two wrecks did not in- 

Rcceived for publication March aS, 1949. 

‘ These compounds were kindly supplied by Charles Pfizer and Company, New York. 
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fluence the hemoglobin concentration of the blood of rats receiving cobalt. Gluco- 
ascorbic acid also was without effect when it was administered at an equimolar level. 
When similar concentrations of these tliree acids were neutralized with an equivalent 
amount of NaHCOs and injected intravenously in rats no effect was observed on 
the polycythemia during the two week test period. 

In the rabbit glucoascorbic acid intravenously administered had no general effect 
on the polycythemia produced by cobalt. Two of the three animals tested showed a 
fall in hemoglobin concentration following the injection of isoascorbic acid (fig. i). 


Fig. I. ErrECT or ascorbic, 
isoascorbic, and glucoascorbic acids 
on polycythemia produced in the 
rabbit by administration of cobalt 
Numbers in the chart designate the 
individual rabbits used in the 
study. 



Ascorbic acid caused a marked decrease in the hemoglobin concentration in all of 
the animals tested. In one rabbit, however, there was an increase in hemoglobin 
following the initial fall, while the animal was still receiving the ascorbic acid. It 
may be concluded that ascorbic acid reduces the increased hemoglobin concentra- 
tion produced by cobalt in the rabbit. Isoascorbic acid also does this but to a lesser 
extent. This is summarized in figure i. 

DISCUSSION 

From the data presented it appears that free ascorbic acid when given orally or 
its sodium salt when administered intravenously does not reduce the polycythemia 
produced by cobalt in the rat. Isoascorbic and glucoascorbic acids were also without 
effect on the polycythemia. On the other hand, intravenously administered ascorbic 
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acid produced a marked drop in the hemoglobin concentration of rabbits made poly- 
cythemic by cobalt. Isoascorbic acid may also reduce the hemoglobin concentration 
in these animals but to a smaller extent. The action of the ascorbic acid in reducing 
the polycythemia in the rabbit is in agreement with the worl: of Barron and Barron 
(i)- 

From this limited study it appears that tlicrc is a parallelism between the 
antiscorbutic power of the compounds tested and their ability to reduce the hemo- 
globin concentration of polycythemic rabbits. Ascorbic acid caused the greatest 
drop in hemoglobin concentration and is also the most potent antiscorbutic agent. 
Isoascorbic acid caused a .smaller drop in the hemoglobin concentration. Tliis acid 
has been reported to possess only one twentieth tlic biological actisdty of ascorbic 
acid (5), Glucoascorbic acid did not cause any change in the cobalt induced poly- 
cythemia. The latter compound h.as been reported to possess only one-hundredth 
the antiscorbutic power of .ascorbic acid (5). In fact, Woolley and Krampite (6) 
have reported the production of a condition which the,v believed to resemble vitamin 
C deficiency in both cotton rats and mice by feeding glucoascorbic acid at levels of 
10 per cent of the diet. 

suxn.rARY 

Polycytlicmia was produced in rats and nabbits by subcutaneous daily injections 
of cobalt chloride. The oral administration of either ascorbic, isoascorbic or gluco- 
ascorbic acid to the rat did not influence the polycythemia. Likewise, the intravenous 
administration of the sodium salts of either ascorbic, isoascorbic, or glucoascorbic 
acid did not have any cfTcct on the polyadhemia in the nit. The intravenous ad- 
ministration of the sodium salt of .ascorbic acid caused a marked decrease in the 
hemoglobin concentration of the blood of polycythemic rabbits. Isoascorbic add, 
as the sodium salt, produced a similar decrease but of a smaller magnitude. Gluco- 
ascorbic acid was without cfTcct on the polycythemia of tlic rabbit. 

Acknowledgement is made to Dorotliy L. DcZcUa .and Simon Kalish for aid during this work. 
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REACTWITY OF BLOOD VESSELS IN THE SYIVIPATHEC- 

TOMIZED HUMAN LEG 

IRWIN D. STEIN, 1 KARL HARPUDER and JACOB BYER 

From the Department of Physical Medicine and the Laboratories of the Medical Division, 

Montejiore Hospital 

NEW YORK CITY 

S ECTION of the sympathetic nervous system in animals results not only in 
signs of vasoconstrictor release but also in an increase in the vascular response 
to humoral factors, particularly adrenalin. This response is best brought out 
by determining the minimal effective dose. In man not only is the phenomenon of 
sensitization stH controversial (x, 2) but there is added confusion due to the fact 
that in the studies mentioned, adrenalin was administered by the intravenous route 
and changes in surface temperature were used as a gauge of skiu circulation. 

Recently (3) it was pointed out that sympathetic denervation of the human 
limb led to an increased blood flow to the skin; m a muscular area like the calf or 
forearm, the blood flow remained relatively unchanged. Heating, muscular exercise 
or periods of vascular occlusion followed by release produced substantial increases in 
muscle blood flow. The conclusion was that the local metabolic needs played the 
dominant role in determining blood flow in muscle. 

In another paper (4) it was shonm that adrenalin injected into the brachial 
artery in the normal forearm had a dual effect upon blood flow. With fractions of a 
gamma the flow increased; with doses of several gamma it was diminished. That this 
was not dependent upon cardiovascular responses could be seen from the absence of 
blood pressure or pulse rate changes or other manifestation of generalized sympa- 
thetic activity. It was thought that the blood flow changes under these conditions 
were local vascular phenomena. 

In the present study, vascular sensitivity and sensitization in the human subject 
were investigated by the injection of adrenalin into the main artery of a sympathec- 
tomized lower extremity. Observations were made of the effect on the blood flow to 
skin and muscle. 

METHODS 

Five adult male patients from the peripheral vascular disease clinic were used 
as subjects. Each patient was kept at complete rest on a couch for 30 minutes in a 
warm room (22° C. ±1°). When blood flow tests of the calf were made, the circulation 
of the foot was eliminated by applying a tourniquet distal to the plethysmograph. 
The water in the container was maintained at an indifferent temperature (34° C. ±1°). 

A plethysmograph of the Abramson type was used on the calf; the apparatus 
designed by Kunkel and Stead (5) was better suited for the foot. 

Received for publication April ii, 1949. 

^ Aided by a grant from the Sigmund M. Lehman Fund at the Montefiore Hospital, New York 
City, and the Martha Hall Foundation. 
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As in previous experiments, tlic terms ‘skin circulation’ aiifi ‘mitscie circulation’ 
have been applied to the inflow curves obtained from the foot in the one case and the 
calf in the other. In the former, skin and subcutaneous tissue predominates; in the 
latter, it is muscle. 

The following procedures were carried out: /) Blood flow to the calf and to the 
foot in the resting or basal slate. This is designated as the ‘resting’ or ‘minimal 
blood flow.’ 2) Blood flow to the calf and to the foot after a lo-niinutc i>criod of 
arterial occlusion. The marked increase in blood flow during the phase of reactive 
hyperemia is designated as the ‘maximal blood flow,’ j) Blood flow to the calf and to 
the foot after the injection of adrenalin in vandng doses. 

The injection of adrenalin was made into the femoral arten.’ below Boupart’s 
ligament. Sharp, 22-gaugc needles made it a painless procedure in most instances. 
If pain was c.xpcricnccd after the needle puncture the injection was delayed until the 
pain had abated. Although the dose of adrenalin varied from 0.001 gamma to 15 
gamma, the total volume made up in normal salt solution was always 0.2 cc. 

The response of the arbitrarily dc.=;ignatcd skin and muscle circulation to an 
injection of adrenalin into the femoral artcr}' was evident after the S or 10 seconds it 
took to complete the injection and to apply the collecting pressure. Succe?=ivc curves 
were recorded cverj' 15 to 20 seconds during the period of change in blood flow. This 
seldom lasted more than 3 minutes. 

\’'alucs for the resting blood flow and the maximal blood flow of the calf were 
relatively constant and rcj)roduciblc in ever)’ experiment and the resjwnsc to the 
same dose of adrenalin could be duplicated on the same day or successive da>*s. This 
was of considerable importance bccau.se onl}’ 3 or 4 intra-arterial injections were 
made on any one occasion, and as many as 4 to 5 sessions (spread over a period of 2 
weeks) were needed to complete the studies of both fool and calf. 

The operative procedure in each patient was an extirpation of the second and 
third lumbar sympathetic ganglia. This produces an effect from the level of the knee 
dovm. The completeness of the operation was checked by the changes in skin temper- 
ature and color, by an increase in the electrical resistance of the skin on the operated 
side, and by histological study of the tissues removed. 

In 4 patients, blood flow studies were done on the same extremity before and 
after sympathectomy. In the other, the non-sympathcctomizcd limb was the control. 

RESULTS 

In the first 3 cases, the peripheral circulation was clinically adequate, and the 
maximal blood flow indicated the presence of a good vascular bed in both skin and 
muscle. In the remaining 2, with advanced vascular disease, tests indicated a 
markedly limited vascular bed. 

Case I. G. K., 60 years old. Both feet had been severely frost-bitten 10 years 
before. All of the peripheral pulses were bounding in type and the circulation in the 
extremities appeared clinicall}'' normal. The most striking sign was profuse sweating. 

The left lumbar sympathetic chain was resected first. Histological sections of the 
ganglia removed were reported as being normal tissue. Immediately following the 
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operation there was a marked increase in warmth, dryness and brightness of color 
of the left leg. 

Skm circulation. Tijere was a threefold increase in the resting blood flow to the 
foot one week after sympathectomy — ^from 2.1 cc. to 6.2 cc.^ The maximal blood 
flow remained constant at 17-18 cc. and indicated an excellent bed of collateral 
vessels. Before operation the minimal effective constrictor dose of adrenalin in this 
case was o.oi gamma. This produced a decrease in blood flow from 2.1 cc. to 0.9 cc. 
Stronger concentrations resulted in even greater change: Thus with 2 gamma, there 
was such intense constriction that no measureable blood flow^ could be obtained. 
Following operation, o.oi gamma remained the minimal effective constrictor dose. 


Table i. Blood flow in leg and response to adrenalin 


CASE 

TIKE 

1 SKIM CIRCULATION (fOOT) 

! ' 

MtJSCI.E aRCULATION (CAlr) 



CDS 

RBF 

MBF 

CD 

DD« 

I, G. K.i 

Before S- 

1 

2.1 

1 

17 

Bi 

1 

2.7 

17 




8 Days post S 

6,2 

18 


3-5 

18 


O.OI 


22 Days post S 

9.2 


H 

2.9 



0.001 

2, S. Rl 

Before S 

1.2 

II 

2.0 

1.9 

15-2 

8 

O.OI 


33 Days post S 

6.3 

12 

0. 1 

1. 1 

15.8 

1 ^ 

0.001 

2,F.G. I 

Before S 

3-4 

9.8 

1 

O.I 

2.1 

21.6 

B 

I.O 


120 Days post S 

6.3 

04 

CO 

1 O.I 

1 

2.1 

1 

20 


1 O.OI 

4 , E, G.i 

Before S 

I.O 


I.O 

m 

i 

3*5 

8 

O.OI 


31 Days post S 

3-0 


I.O 

1 

H 


2 

0.002 

S, J. Mcl.^ 

Before S 




1-5 

6.0 

8 

I.O 

j 

30 Days post S 




1.2 

6.5 

I 

O.OI 


^Same foot used. = Sympathectomy. ^ Resting blood flow in cc/ioo gm. tissue/min. 
^ Maximal blood flow in cc/100 gm. tissue/min. ^ Minimal effective constricting dose in gamma 
adrenalin. ® Minimal effective dilating dose in gamma adrenalin. 


Ten days post-sympathectomy it produced a decrease from 6.2 cc. to 2.6 cc. and 26 
days post sympathectomy from 9.2 cc. to 4.8 cc.l 

Muscle circulation. Prior to sympathectomy, 2 gamma adrenalin was a dilating 
dose and 4 gamma a constricting dose in the calf“. A blood flow of 2.7 cc. at rest was 

*In cc/ioo-gm. tissue/min. 

2 This is not meant to indicate complete cessation of blood flow, merely the inability to record 
a markedly diminished flow with our recording system. 

^ Many of the intermediate doses as well as checks on the minimum effective doses are omitted 
from this report for brevity. 

6 Injection of 1-2 gamma of adrenah’n in the normal forearm at the bend of the elbow produces 
vasoconstriction; doses of 0.05 to 0.0002 gamma produce vasodilatation. The reasons for the dif- 
ference in dosage necessary to produce the same effects in the lower extremity appear to be x) greater 
T Tiagg of tissue, 2) greater distance of calf from point of injection and 3) the presence of some degree of 
organic vessel disease. We did not feel that there were essential differences in the reactivity of vessels 
in the upper and the lower extremities. 
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elevated to 6.7 cc. by the former and diminished to an unrecordable level by the 
latter. Eight days after the operation 2 gamma proved to be a constricting dose and 
o.oi gamma tlie minimal eilcctivc dilating do.se. At this time the resting blood flow 
of 3.5 cc. was diminished to zero and raised to 9.6 cc. by the respective concentrations 
of adrenalin. Twenty-two days later, the resting flow of 2,9 cc. was elevated to 5.2 
cc. by 0.001 gamma; i gamma produced intense vasoconstriction. 

Case 2. This 6r-ycar-old male, S. R., incurred frostbite of both hands and feet 
35 years previously. All of the peripheral vessels were easily felt pulsating, Obsen'a- 
tions indicated the presence of Rajoiaud’s syndrome, precipitated by the cold trauma 
of many years before. 

Following a lumbar .s3'mpathcctomy on the right there apjicarcd the cu.stomar}' 
signs of vasoconstrictor release. Microscopic .slides again showed only normal s\'m- 
pathetic ganglia. 

Skin circulalion. The resting blood flow of 1.2 cc. before operation rose to 6.3 cc. 
33 daj’S after sympathectomy. The maximal blood flow was i i-t 2 cc. indicating a 
fair collateral bed. The minimal effective constricting dose of adrenalin, intra- 
arterially* injected, was 2 gamma before operation and o.i gamma after operation. 

Muscle circulation. Resting blood flow in the calf before operation was 1.9 cc; 
maximal flow was 15.2 cc The minimal cficclivc constrictor dose of adrenalin w.s 8 
gamma before operation and i gamma 35 da>*s later. Both produced internee N'aso- 
constriction which resulted in non-mcasurable flow. The minimal effective dilator 
dose before operation was o.oi gamma which raised the blood flow from 1.9 cc. to 
4.5 cc. Thirty-three daj*s after sympathectomy, the effective dilating dose was 
0.001 gamma which raised the blood flow from i.i cc. to 3.2 cc. 

Case j. P. G., a 2o-ycar-o!d male with ihrombo-angiitis obliterans, developed an 
ulcer on the small toe of his left foot. None of the pedal pulses were felt on this side. 
A lumbar sympathectomy was performed for relief of the chronic ulcer. Our studies 
were done 4 montlis after the operation. The right lower c.xlrcmity, with pulsatile 
vessels, was used as control. 

Skin circulation. The resting blood flow was 3.4 cc. in the control foot and 6.3 
in the sympathectomized foot. The maximal flows were o.S cc. and 7.6 cc. respec- 
tively*. An intra-arterial injection of o.oi gamma of adrenalin produced a decrease in 
blood flow to 1.5 cc. in the control. This was the minimal effective dose. On the 
sympathectomized foot, the same dose produced marked constriction and a non- 
measureable flow. 

Muscle circulation. In the control calf, the resting blood flow was 2.1 cc. and the 
maximal flow 21.6 cc.; on the sympathectomized side the resting flow was 2.1 and the 
maximal flow 20 cc. 

Intra-arterial injection of i gamma in the control limb raised the flow to 7 cc.; 
4 gamma diminished the flow to 0.9 cc. and 2 gamma produced no change in flov^*. 
In the sympathectomized limb, i gamma reduced the flow to zero; o.oi gamma ele- 
vated the flow to 4.2. .A dose of 0.001 gamma was ineffective. 

Case 4. H.G., age 40, had Buerger’s disease. In 1946 after injury to his right ankle 
an ulcer developed and continued to spread. Both femoral pulsations were present 
but not the popliteal or pedal pulses. A right lumbar sympathectomy was performed. 
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The histological report indicated normal sympathetic ganglia. The right foot became 
warm and pink and the skin temperature of the toes rose to 87° F. 

Skin circulation. The resting blood flow in the foot before sympathectomy was 
i.o cc. After operation, the flow was 3,0 cc. An exceedingly painful ulceration of the 
ankle which became even more painful with vascular occlusion hampered us in 
efforts to obtain the maximal blood flow. One gamma of adrenalin was the constricting 
dose and 0,01 gamma the ineffective dose, both before and after sympathetic section. 

Muscle circulation. The resting blood flow in the right calf before operation was 
0.8 cc.; after operation it was unchanged. A maximal flow was obtained in one test, 
and reached only 3.5 cc. This was a poor rise confirming the clinical evidence of a 
markedly impaired vascular reservoir. With i gamma before operation the blood 
flow in the calf rose to r .6 cc. With 2, 4 and 8 gamma the flow increased to a maximum 
of 2.0 cc. Higher doses were not used, so that the minimal effective constrictor dose 
was not reached. In contrast, however, after sympathectomy, 2 gamma resulted in a 
non-measureable blood flow. The minimal effective dilating dose before operation was 
o.oi gamma, after operation 0,002 gamma. 

Case 5. J. McL, age 51, had arteriosclerotic peripheral vascular disease with 
superimposed frostbite. A sympathectomy was done on the right side because of 
non-healing ulceration of the toes. This caused the foot to become warmer and drier 
and led to complete healing of the ulcers. Our tests were done on the same limb 
before and after sympathetic section. 

Skin circulation. — ^Not attempted because of painful ulcerations of toes. 

Muscle circulation. Resting flow values were about the same, 1.5 cc. and 1.2 cc., 
in both the control state and after sympathectomy. The maximal blood flow during 
reactive hyperemia reached 6 and 8.2 cc. in each instance. The minimal effective 
dilating dose before operation was i gamma. After operation this dose (in the same 
leg) resulted in a non-measureable blood flow. The minimal effective constricting dose 
before operation was 8 gamma. The minimal effective dilating dose post-sympa- 
thectomy was o.oi gamma. 

RESULTS 

The reported observations indicate the development of an increased sensitivity 
of blood vessels to adrenalin after the usual type of lumbar sympathectomy in man. 
This sensitivity may involve i) constrictor mechanism of skin vessels, 2) constrictor 
mechanism of muscle vessels and 5) dilator mechanism of muscle vessels. Apparently 
vessels of the skin react to even minute doses of adrenalin by constriction so that we 
have been unable to elicit a dilator action as occurs in muscle. 

An augmented responsiveness is clearly evident for the circulation of muscle 
in each of our subjects. In the skin, however, only in case 2 is there a change of 
sufficient magnitude to warrant such a conclusion. In the remaming cases, a more 
complete but not impressive response results from the minimal effective constricting 
dose following sympathectomy. In case 2, Raynaud’s phenomenon had been present 
before sympathectomy, with its implications of increased constrictor responses of 
skin blood vessels apart from those produced by operative intervention. This makes 
evaluation of increased constrictor responses after operation uncertain. 
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Sensitisation of the muscle circulation to rJilator doses of adrenalin appears much 
more marked than to constrictor doses. While tlie po.st-opcrative range of the Latter 



Fig. I. Bcoon-riow cuRvns, case i, in foot (skin circuhlion) and calf (muscle circulation), 
before and after lumbar sympaUicclomy. A, foot, before syinpatbcctomy; B, foot, lo da^ post- 
operative; C, foot, 26 days post-operative; D, calf, before sympathectomy; E, calf. S days post- 
operative; F, calf, 22 days post-operative. Adrenalin injected into femoral artery in doses as indi- 
cated. S, standard; C, control or resting blood flow; R. H., flow during reactive hyperemia; R. T., 
room temperature; W. T., water temperature. 

seems to be one-half to one-quarter of the pre-operative elTective dose, the former 
may be extended to one-lumdreth of its previous level. 

Lumbar sympathectomy with the present technique (removal of Le and L3) is 
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automatically preganglionic in type (6). Our results point conclusively to the de- 
velopment of a hyper-reactivity of at least the muscle circulation to adrenalin, just 
as in post-ganglionic section. 

The response of skin vessels in man differs from those of muscle in their behavior 
to adrenalin after sympathectomy. I^ffiether this is due to an anatomical difference 
in ner\’e supply (7), or to dissimilar effector organs can only be a matter of surmise. 

The ‘neutral zone’ between constrictor and dilator doses of adrenalin for muscle 
circulation is preserv’^ed after sympathectomy. In the normal extremity it was 
postulated that adrenalin stimulated a dilator as well as a constrictor mechanism 
controlling the vessels (4). The former prevails only with a low concentration of 
the drug; the latter comes into play with stronger concentrations. Intermediate 
doses w'hich were ineffective represented, in our opinion, the equilibration of both 
actions. This concept is confirmed by our observations after sympathectomy. 

The h5q)er-reactivity of muscle blood vessels after sympathectomy is of clinical 
interest. Although vasodilatation is conspicuously absent in these vessels as a direct 
result of denervation, theoretically however, as a result of theh increased sensitivity 
it is possible that vasodilatation might occur with physiological concentrations of 
humoral adrenalin. This deserves consideration as the cause of improvement in some 
patients with intermittent claudication who have had a sympathectomy. After de- 
nervation, constricting doses of adrenalin for muscle are well outside the physiological 
range and sensitization of skin vessels is too inconsistent to be of clinical significance. 

SUMMARY 

Blood flow in the sympathectomized human limb was studied by the plethysmo- 
graphic method with varying doses of adrenalin injected into the femoral artery. 
Sensitization of muscle circulation is established and is greater for the dilator than 
for the constrictor mechanism. Physiological and clinical implications of these ob- 
servations are briefly discussed. 

Acknowledgement is made to Louis Leiter, M.D., Chief of the Medical Division, Montefiore 
Hospital, for advice and criticism; to Mr. Abraham Siegel, B. S. for liis valuable technical assistance; 
and to Harry Zimmerman, M.D., Chief of the Laboratory Division, Montefiore Hospital, for per- 
mission to use the histological reports on the sympathetic ganglia removed. 
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lUDISON, WISCONSIN 

T he inhibition of cholinesterase activity by adrenalin was reported recently 
(i). The esterases used in these studies represented what were termed 
'specific’ and ‘non-specific’ cholinesterases. They were obtained, respectively, 
from the caudate nucleus and the parotid gland of the hog. The substrate used was 
acetylcholine. 

It was considered desirable to study further the inhibitory effect of adrenalin 
using additional substrates and cholinesterase of other sources. This paper reports 
upon the findings of these studies. 


METHODS 

The Warburg manometric technic was employed, following the procedure outlined in^ tlie 
previous publication (i). Two of the enzymes consisted of preparations of cholinesterase obtained 
from the caudate nucleus and the parotid gland of the hog. A third esterase, one also obtained from 
the parotid gland, differed from the one described above in that it was brought to drj-ness over cal- 
cium chloride rather than lyophilized in the final stage of preparation. All of these preparaUons 
were prepared in part similar to the technic of Mendel and Mundell (2) for the purification of a pseudo 

cholinesterase from dog pancreas. , , r 

In addition to these, tlie fresh frozen caudate nucleus of the dog was used for a furmer com- 
parison of enzyme activity. The latter tissue was homogenized and diluted with Rrebs-Henseleit 
(3) buffer solution. The activity of varying but known quantities of this tissue, approximaUng 5 
mg. of wet weight, was followed in individual Warburg flasks. The tissue hydrolyzed acetylcholine 
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and mctacliollne (acctyl-bela-niethylclioiinc) readily. It alr.o hydrolyaed licnzm-lciioline to a minor 
extent but was considered similar to the more puriCed bog caudate nucleus as rcpresctitative of 
Uic ‘specific’ type of cholinesterase. The parotid preparations were of the ‘non-fj)ecif!c' t>7K;- AH 
of tlie enzyme preparations were dissolved or suspended in Krcbs-IIcnsflcil solution. 

The substrates, consisting of acetylcholine, methacholine and bcnzoylcholine, were m.itie up 
in buffer solutions. Thc}' were added in 0.5 ml. amounts (to make a final 0.003 rnolar concentration) 
to a side arm of their rc.spectivc double side,arm fl.isks. .\flrcnnliu hydrrKhloride, prepared from its 
base, was added in 0.5 ml. amounts to the other side atm. 

Three concentrations of adrenalin were studied; 0.0015, o-co.t and o.co'i molcf/litcr. Immedi- 
ately after placing the adrenalin in the side arms of the Warburg fl.asks, the fla'-ks anrl the manom- 
eters were gassed with a mixture of 5 per cent CO:-<)s% N? to prevent its o.xid3tior.. After 
equilibration at 37.5*0. the contents of the .side arms were tij>pe<i into the reaction chamber. The 
addition of adrenalin preceded that of the substrates. Controls and blanks, including those for non- 
enzymatic hydrolysis, were run simultaneously. 

Gas evolution, resulting from the liberation of acetic acid and its action on bicarlwnatc, was 
measured in llic conventional manner. All c.xpcrimentf) v.cre nm in duplicate. Tlic result.? were 
expressed in microliters of CO; released per mg. of tlty weight of tissue in 60 minutes of time, 

llF.SUT.'rs 

The results of these studies are presented in table i. As was reported previously, 
the ability of cliolincsterase to hydrolyse acetylcholine is inhibited by the prc.scncc 
of adrenalin. This is tnie regardless of the source or type of esterase. With increasing 
concentrations of adrenalin, the activity is increasingly depressed. Enzyme from the 
aiudate nucleus of the hog and dog, acting upon methacholine, is inhibited in a 
similar manner. Inhibition also occurs when the parotid gland preparations act upon 
bcnzoylcholine in the presence of adrenalin. 

The percentage inhibition of the .| cholinesterase preparations is presented in 
table 2. The values are based upon the averages of the dupliaitc determinations of 
table I. The inhibition of cholinesterase by adrenalin is greater when acting on 
methacholine than when it is acting on acetylcholine. This is demonstrable with both 
the lyophilized preparation of the hog’s caudate nucleus and the homogenized prepa- 
ration of the dog’s caudate nucleus. Conversely, the inhibition of cholinesterase by 
adrenalin is less when the esterase is acting on bcnzoylcholine than when it is acting 
on acetylcholine. This is evident with both the lyophilized and the calcium chloride- 
dried preparations of the parotid gland. These relationships c,\ist at all concentrations 
of the inhibitor. 

This finding is more striking when it is appreciated that the degree of inhibition 
is not related to the rates at which the cholinesterases hydrolyze a given choline ester. 
A comparison of the lyophilized preparation of the hog’s caudate nucleus (which 
represents a slow rate of catalysis) and the homogenized preparation of the dog’s 
caudate nucleus (which represents a fast rate) bears this out. The degree of inhibition 
is similar whether normal catalysis is slow or fast. 

The activity of two different t5’pcs of esterases, the homogenized ‘specific’ 
esterase of the dog’s caudate nucleus and the lyophilized 'non-specific’ esterase of the 
hog’s parotid gland, fortuitous!}’, hydrolyzed acetylcholine at tire same rate. It is, 
therefore, possible to compare directly the rales at which the one enzyme metabolizes 
methaclioline and the other metabolizes bcnzoylcholine. It may be seen from table i 
that their activities in this respect are equivalent. In plotting the average percentage 
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Table i. Activity of various cholinesterase preparations in the presence of adrenalin' 


PREPARATION 

StTBSI.* 

CONTROL 

CONCENT 

0,0015x1 

RATION OF AI 

0.00311 

>RENALIN 

0.00611 

Caudate nucleus (Lyophil.; hog) 

Ach 

39-4 

33-5 

30-4 

24.5 



36.5 

33-3 

28.4 

23-4 


Mch 

5-2 

3.9 

2-5 

1.9 



S-o 

3-1 

1.9 

0.7 

Caudate nucleus (Homog.; dog) 

Ach 

206.5 

200.9 

' 45-7 

126.3 



198.8 

156.4 

136.4 

126.2 


Mch 

60.4 

46.9 

40. 8 

32.5 



60.2 

44.4 

40.6 

30.7 

Parotid gland (Lyophil.; hog) 

Ach 

205.4 

172.9 

147-7 

109.7 



201.4 

1 

171.7 

147.0 

106.0 


Bch 

61.0 

61.8 

53-5 

47.8 



60.8 

58.7 

52.6 

45-8 

Parotid gland (dried; hog) 

Ach 

217.6 

194-3 

172.7 

140.1 



214.8 

190.7 

169.8 

127.6 


Bch 

74 - S 

65.1 

64.4 

ss.i 



71.6 

67.0 

63-3 

56.2 


' Activity is expressed in microliters of CO2 released in 60 min. of time per mg. dry wt. of 
preparation. 

- Ach, Mcli and Bch denote the substrates acetylcholine, methacholine and benzoylcholine in 
0.00311 concentration. 


Table 2. Percentage inhibition of cholinesterase by adrenalin' 


' Percentage inhibition is based upon averages of activities expressed 


PREPARATION 

CONCENTRATION OF ADRENALIN 

0.0015M ! 

0.00311 

o.oo6it 


Ach \ 

ilch 

Ach 

itch 

Ach \ 

itch 

Caudate nucleus Lyophil.; hog 

12. 1 

31.0 

22.7 

56-5 

36.9 

74*5 

Homog.; dog 

11.8 

24-3 

30.4 

32.5 

. 37-7 

47.6 

Average 

12.0 

27.7 

26.6 

44.5 

37-3 

61. 1 

Parotid gland Lyophil.; hog 

15-3 

I. I 

27.6 

12.9 

47.0 

24.1 

Dried; hog 

10.9 

9.6 

20.8 

12.6 

38.1 

21.8 

Average 

13-1 

5-4 

24.2 

12.8 

42.6 

23.0 




of cholinesterase inhibition against the concentrations of inhibitor agent, as was done 
in figure i, it is obvious that a marked difference in the two enzyme systems exists. 
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With mcthacholinc as the substrate for the ‘specific’ type of esterase, the degree of 
adrenalin inhibition is high. With benzoylcholine as the substrate for the ‘non- 
specific’ esterase, the degree of inhibition is low. 

BiscnssiON 

The cholinesterases, in general, have been considered as a group of related and 
yet individual enaj'mes (4-6). Thc}’’ have been classified on the basis of the relation of 
their activity to the substrate concentration (5-S). Thc one type is characterized b}' 
maximum hydrolysis of acctylclioUnc at about 3 X 10"’ molar concentration. Inhi- 
bition occurs at concentrations above this. 'J’hc other type is characterized by ma-xi- 
mum hydrolysis at infinite substrate concentration. Unfortunately, the group 
numbers used by .‘\ugustinsson (6) are just the reverse of those used by Bodanshy 



Fig. I. iN’miuriox or atOLunn:Tr.RASE by 
van-ing coaccnlratioas oi adrenalin 


(s). The enzymes of the caudate nucleus and thc parotid gland used in this report 
correspond respectively to thc above two groups. To avoid further confusion by num- 
bering them, and yet to indicate the type of esterase to which they have been con- 
sidered to belong in thc past, thc tcrminolog>- of ‘specific’ and ‘non-specific’ cholines- 
terases has been retained in this paper. In view of the fact that both tyTes of esterases 
are able to hydrolyze non-dioline esters (5, 9) it may be exiicdient in the future to 
refer to these as Groups A and B, respectively. 

The low order of activity of thc lyophilized preparation of the caudate nucleus 
of the hog is of interest. This material lost over 50 per cent of its original activity 
when stored at 4° C. for a period of 2 months. It was also readily inactivated by heat. 
This is in marked contrast to the parotid preparations, which were only partiall}'' 
inactivated when heated at 110° C. for 24 hours. Thc ‘specific’ t}^e of esterase is thus 
more readily inactivated than the ‘non-specific’ type. Studies on tlic thermolability 
and relative thermostability of the two esterases will be reported elsewhere. 
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It is of considerable interest that the two different esterases are inhibited by- 
adrenalin to a similar degrfee when acting upon acetylcholine but to markedly different 
degrees when acting upon their respective substrates, methacholine and benzoyl- 
choline. Since Augustinsson (6) has shown with dog’s brain that the substrate concen- 
tration for optimum hydrolysis of acetylcholine and methacholine are very nearly the 
same, the difference in the degree of inhibition with different substrates suggests that 
the process involves factors other than competition for reactive groups. Preliminary 
studies indicate that the inhibition is non-competitive in nature. 

SUHMARY 

Adrenalin in concentrations varying from 0.0015 to 0.006 moles/liter inhibits the 
ability of cholinesterase of various sources to hydrolyze choline esters in 0.003 molar 
concentrations. With acetylcholine as the substrate, the degree of inhibition of 
‘specific’ and ‘non-specific’ cholinesterases is of the same order of magnitude. With 
methacholine as the substrate for the ‘specific’ esterase, the degree of inhibition is 
comparative!}'-’ high. With benzoylcholine as the substrate for the ‘non-specific’ 
esterase, the degree of inhibition is relatively low. 
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I T WAS pointed out by Collens and Murlin (i) and Xeuv/irth, Co Tui and 
Wallace (2) that if one judged the effect of insulin by means of change in the 
blood sugar, then the intrajiortal injection of th.c hormone v.-as less effective, 
unit for unit, than tiie injection into a peripheral systemic vein. These same authors, 
as well as Burger and Kramer (3), also found that a temporary initial rise in blood 
sugar is more frequently observed after intrajwrtal insulin injections (single or re- 
peated), than after injections via a systemic vein. 

The realization that samples of insulin contain aeiriable amounts of a hyper- 
gNcemic, glycogenolytic factor (H.F.) (4) might lead to the assumption that the 
intraportal injection of insulin was only apparently less effective, the cx|X'ctcJ liypo- 
gNcemia being masked by a simultaneous glycogenolytic e.ction of the ILF. On the 
other hand, the intraportal route may be less effective becatisc insulin itself may be 
partially inactivated or otherwise changed by its passage through the liver (5-7). 

We tested these two possibilities by comparing the ctTectivencss of equal amounts 
of insulin injected continuously via the femoral vein and the splenic vein in normal 
and depancreatized animals. Tiie participation of the hyjicrglyccmic factor was 
tested by using two brands of insulin — one containing, and the other free of H.F. 


MKTIIODS 

.'\11 c.xpcrimcnts were done on dogs under pentob.irijit.nl .'incsthe.si.n. Dcpancreatirctl aninnb 
were used .iftcr .1 72-hour period free of food and in.suJin. Comparisons ticlwecn inirasplenic .and 
intrafemoral injections were made on tlie same animat at .t-day intervals. The sequence of injection 
routes was varied and had no ai)parent effect on the results. 

Preliminary e,'?pcrimcnts were done with the dose of insulin varying from 1/5 to 1/50 v/kg/hr., 
given as a constant injection in 52 cc. of saline per hour for 2 hours. The Mpcrimcnls reportcel were 
done with o.i u/kg/hr. since this dose gave definite drops in blooei sugar via both injection routes. 
Arterial blood samples were analyzed in duplicate for glucose by the Somogyi motUfication (S, 0) 
of the Shaffer-Hartmann Technique. 


RESULTS 

Out preliminary experiments revealed that there was a gradation of effect of the 
injected insulin. The minimum effective dose was found to lie between 1/50 and 
1/25 u/kg/hr. 

Figure i presents the results in normal dogs injected with o.i u/kg/hr. of Lill}’’ 
insulin, known to contain H.F. (4). It can be seen that there is a small but definite 

Received for publication i\Iay 13, 1949. 

* A preliminary report of tins work appeared in Federation Free. S: 52, 1940. 

- The department is supported in part by the Michael Reese Research Foundation. 



Seplemher ip4p 


INSULIN INACTIVATION BY LIVER 


333 


initial rise during the first 15 minutes of the splenic infusion. The rate of fall between 
15 and 60 minutes was greater when the femoral route was used. The net result is 
that the femoral route gives a significantly greater blood sugar depressmg effect 
than does the splenic route. Despite absolute variations, this was the case in each 
animal used. 

Essentially the same results were obtained when these experiments were done on 
2 totally depancreatized dogs (fig. 2). The fasting blood sugar levels of these animals 
varied from 272 to 519 mg.%, but in order to compare the results with the normal 
group, the curves are plotted as percentage change from the pre-injection value. 

Figure 3 presents similar data on 2 normal dogs given the same amount of insulin 
(Novo) not containing any appreciable amount of H.F. It can be seen that the blood 
sugar depressing effect of this insulin is significantly greater than that of the previous 


Fig. I. Efpect or o.i u/kg/ 
HR. of Lilly insulin in normal dogs. 
Upper curve: splenic vein injection 
(3 e.'rper.). Lower curve: femoral 
vein injection (7 esper.). Range 
of values shown for each curve. 


BLOOD 
{% of 


SUGAR 

Control) 


Ifonanl 



brand, by both routes of administration. However, even in the absence of demon- 
strable H.F., the difference in the effectiveness of the femoral vs. the splenic routes is 
preserved. 

Table i expresses the insulin effect in terms of the area of the curve. The ratio 
of effect of the splenic route to the femoral route is seen to be 1:3.85, 1:1.82 and 
1:1.83 for the three sets of experiments. 

DISCUSSION 

It is apparent from the data presented that the lessened effectiveness of a given 
dose of insulin w’hen injected intraportaUy as compared to an intrafemoral injection 
cannot be completel)’’ ascribed to the masking action of a glycogenolytic effect of an 
admixed H.F. Comparison of figures i and 3 shows that there is a greater fall in each 
curve ivhen Novo insulin is used. The data in table i show that the femoral route 
is 3.85 times as effective for Lilly insulin in contrast to 1.83 times for Novo. This 
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may be exi^lained by the presence of the H.F. which oiuscs the liver glycogen to fall 
and the blood sugar to rise, thus resulting in a small drop in tlie blood sugar when 
insulin is given to normal animals via the splenic vein. 


ElODD SUG.’.n 
{J! of Conlpol) 


LILtr 



FiR. I. Errr.'rr oro.i c/kg/ 
3iK. o: Lilly infuiiis in ; totally de- 
par.o'catized cIorj. Upper cune: 
yplenic vein inJtciiQn. IjKrrr curie: 
frnior.ol vein injection. 


Fig. 3. Errr.cr or o.i r/KO.' 
HR. of Novo insulin in : normal 
dogs. Upper curve: splenic vein 
injection, /xni'cr curve: femoral 
vein injection. 


Eiooa S'JOKn Kami 

(< of Control) KWa 



c s 15 ao So po 120 

lilnutes 


The liver apparently eitlier retains or inactivates a portion of the insulin which 
comes to it through the portal vein. This is consistent with the findings of Broh-Kahn 
and Islirsky of the presence of an enzymatic system (dnsulinase’) in the liver capable 
of destroying the insulin molecule (5-7). They reported that liver contains the 
greatest ‘insulinase’ activity; kidney and muscle less. The enz\’'me si'stem was found 
in the liver of the rat, rabbit, steer, chicken and man. 
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Insulinase will explain the differences observed in splenic vs. femoral injection. 
Despite the effect of the H.F. the inactivation or removal of insulin by the liver is 
seen even when Novo insulin was used. The area difference between splenic and 
femoral (table i) is 22.3 and 18.8 for Lilly and Novo insulin, respectively. The 
difference for the depancreatized animals is 12.1. 

Broh-Kahn and Mirsk)’- (7) showed that fasting causes a reduction in insulinase 
activity of the liver. This explains the results obtained in our depancreatized dogs 
which were without food for 72 hours. Deprivation of food for this period of time is 
sufficient to cause a decreased liver insulinase activity so that less insulin would be 
inactivated. This is seen in the 7.8 and 14.7 units of area for the normal and de- 
pancreatized splenic injections, respectively. These two groups did not fall as low as 
the Novo group (22.6) because of the presence of the H.F. The decreased insulinase 
activity is also demonstrated in the small (12.1) difference in area between splenic 
and femoral injections in the depancreatized group. 

Our screening experiments showed that 1/25 to 1/50 u/kg/hr, had very little 
effect in lowering the blood sugar. This compares favorably with Slater et al. (lo^ 


Table i 


COOTITION* or ANIUALS | 

TYPE OF IKSCXIK 

AREA* 


RATIO or EFFECT 

Splenic 


Splenic: Femoral 

Normal 

Lilly 

bo 

30.1 

22.3 

1:3-85 

Depancreatized 

Lilly 

14.7 

26.8 

12. 1 

1:1.82 

Normal 

Novo 

22.6 

41.4 

18.8 

1:1.83 


1 B}* ‘area’ is meant the area enclosed by the blood sugar curve and the horizontal line passing 
through 100 in figs, i, 2, and 3, e.xpressed in arbitrary units. 


who found that a single intravenous dose of 1/40 v/kg. in normal dogs caused either 
no change or only a slight temporary drop in blood sugar. 

It may be that the dog liver insulinase is capable of inactivating about 1/25 to 
1/50 Tj/kg. body wt/hr. of insulin. 

and conclusions 

Under normal circumstances insulin, after leaving the pancreas, reaches the 
liver before it goes into the general circulation. Our evidence shows that the liver 
removes or inactivates insulin as it passes through the liver. This is probably via the 
‘insulinase’ system described by Mirsky and Broh-Kahn. Liver inactivation of 
ingnlin is demonstrated in normal and depancreatized animals. This action is foimd 
despite the presence of the hyperglycemic factor in certain insulin preparations. It is 
conjectured that the liver of the dog can inactivate about 1/25 to 1/50 u/kg. body 
wt/hr. of insulin. 
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SEASONAL CHANGES IN THE THYROID GLAND AND 
EFFECTS OF THYROIDECTOIV'IY IN THE MALLARD, 

IN RELATION TO MOULT 

E. o. HOHN” 

From the Department of Physiology and Pharmacology, University of Alberta 

EDIIOXTOX, CANADA 

A NUMBER of observers have shown that the administration of thyroid or 
th}n:otropic preparations can bring on a moult outside the normal moulting 
season in domestic fowl (1-3). Others have shown that thyroidectomy can 
postpone the moult in chicks (4). ThjToidectomy has also been shown to postpone 
the moult or to abolish it altogether in a number of other species of birds (5, 6). 

These findings have naturally led to the supposition that in birds generally increased th3Toid 
activity is responsible for the shedding of the worn plumage and its replacement by new feathers, 
which constitute the moult. However, it does not appear that this supposition has j'^et been proved 
conclusively in the case of an,v one species. The findings in anserine birds (swans, ducks and geese) 
in particular are not in agreement witli the view that thyroid activity is responsible for the moult 
in this group. The observers who have administered thyroid preparations to ducks agree that a 
moult is not precipitated in these birds bj- doses which produce this effect in fowls (7-9). Further, 
Chu (ro), referring to unpublished work and therefore without giving further details, reports that 
adult mallards after complete tlijToidectomj' still moulted into the next plumage. On the other hand, 
Woitkewitsch (6) found that thjToidectomy in j'oung ducklings prevented the moult from down into 
the first true plumage if the operation was performed well before the expected onset of the moult. 
It should also be pointed out that there is fairh^ convincing evidence that the onset of the moult 
in the mallard is controlled bj^ the gonads, since a number of observers have found an indefinite 
postponement of the moult after castration (see review in 10); Chu was able to bring on a moult bj' 
administration of pituitary gonadotrophins. 

The work here reported is an attempt to clarify the role of the thyroid in the 
moulting process of the mallard. The mallard has two annual moults. The first 
takes place in June to July in males; in this the entire plumage is renewed in the 
change from the mating- or winter- to the eclipse-plumage of summer. In females this 
moult is delayed to July to August (until the young are partly fledged). A second 
less extensive moult occurs in the fall; in males August to November, in females 
October to March. This moult affects the body plumage and only a few of the larger 
feathers and may be spread over a long period. Moulting periods as given apply to 
English mallards (16) such as were used for this work. A study of seasonal changes 
in the thyroid in relation to these plumage changes seemed of particular interest, 
since on the supposition of a thyroid control of the moult a period of increased thyroid 
activity would be ex'pected to precede the two moults. In view of the thyroidectomy 
experiments of Chu and Woitkewitsch, it appeared desirable to investigate the 
effect of this operation on the moult in somewhat older birds than those used by the 
second obser\’-er. 
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TABLn r. CoNDinoN- of TiiyROiD ci.akd i:r nrjATtoh' to plcmack 


DATI; 

TnVROID 

W. iJO.' 

YimrrtlD J-TATi: 

r 

1 I’Lf UAcr • ■ 

i 

1/II 

no 

.4. 

Tnlermcd. j Matin" 

i/is 

87 

Actu'c 

.Ahiting 

2/15 

I2S 

Storage 

Mating 

3/1S* 

ns 

Storage 

Ma-ting 

4/11 

4 S 

Active 

•Mating 

5/15 

1S7 

Active 

Mating 

s/24 

135 

.Active 

Mating 

6/7 

114 

Storage 

Ivariy moult 

6/19 

75 

Storage 

Moult 

6/31 

170 

Storage 

Moiiit 

7/8 

7/16 

00 

135 

Active 

.Afoult 

Moult 

7/19 

ISO 

Stontgc 

Moult 4 - CcIij-b'C 

7/31 

Si 

Storage 

Mdipsc 

s /2 

220 

Storage 

Mipre 

8/10 

100 

Storage 

Kclip'c -f 2nd moult 

S/13 

107 

Intcrmcd. 

Eclipjc -f end moult 

9/17* 

89 

Active 

Nearly full m.iting 

lo/is 

t 3 S 

Active 

Mating 

10/23 

9 S 

.Active 

Mating 

ii/iS 

loS 

Active 

Mating 

11/20 

70 

Storage 

Mating 

11/20 

I 3 S 

Active 

Mating 

11/23 

I 3 S 

Intcrmcd. 

Mating 

11/28 

80 

Active 

Mating 

11/29 

70 

Active 

Mating 

12/11 

no 

Intcrmcd. 

Mating 

12/12 

88 

•Active 

Mating 

1/18 

SO 

B. 7 ’emoi 

Intcrmcd. 

es 

Mating + nest down growing 

2/19 

140 

Intcrmcd. 

Mating -r nest doum present 

2/22 

110 

•Active 

Mating + nest donm growing 

3/22 

”3 

Storage 

Mating 

4/24 

107 

Storage 

Mating 

S/19 

5/24 

5/25 

160 

T 

126 

Intcrmcd. 

Mating 

Mating 

Mating 

6/7 

133 

Active 

Mating 

6/21 

40 

Active 

Mating 

6/26 

72 

Active 

Mating 

7/8 

120 

Storage 

Buds of Eclipse 

7/19 

107 

Storage 

Buds of Eclipse 

8/2 

155 

Intcrmcd. 

Eclipse 

8/10 

90 

Intcrmcd. 

Eclipse 

M 

0 

0 

100 

Active 

Alating 

ix/iS 

— 

Active 

Mating 

12/18 

95 

Active 

Mating 


1 Both lobes. - This bird had a dermatitis witli loss of feathers on the neck. ’ This 
bird showed signs of a chronic parercatitis. 
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SEASONAL CILA.NGES IN THE THYROID GLAND 

Material and Methods. Twenty-eight adult male and i6 adult female mallards 
(Anas platyrhyncha L) were shot at regular intervals in one of the London Royal 
Parks. Freshly dissected tiiyroid glands were weighed on a torsion balance, fixed in 
Bouin and stained with Heidenhain’s hematoxylin and eosin. Kiichler (ii), using 



Fig. r. upper left: Photomicrograph of adult female mallard’s thyroid in 'resting,' relatively 
inactive condition X 210 (Aug. 2, 1944). Upper right: Adult female mallard’s thyroid in ‘active’ con- 
dition X 210 (Feb. 19, 1946). Lower: Ventral views of control male, top, in full breeding plumage; 
thyroidectomised male, bottom, in breeding plumage on head, neck, upper breast and tail but re- 
tained juvenile plumage on abdomen. ‘Loose’ feathers characteristic of hypothyroidism. Photo- 
graphed 6 months after thyroidectomy. 

this method on avian material, claims that intra-cellular droplets of colloid are shown 
as colorless vacuoles. In the mallard it was not possible to demonstrate this material 
by this method nor by that of Dvoskin (12) in glands which by other criteria were 
highly active. Data on body weight, weight and histology of the gonads, adrenals and 
thymus of the birds used in the present series have already been reported elsewhere 

(13, 14). 

Results (Table / and figs. 2 and 3). The macroscopic anatomy of the mallard’s 
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lliyroicl conforms to the usual avian pal tern of two entirely discrete lobes, one on 
each side, lying on the carotid artery. Three deviations from the normal arrangement 
were encountered, all in females. In 2 birds the lobes were connected at their caudal 
extremities by a thin strand of thyroirl tissue running acro.ss the trachea. In another 
female, outside the prc.scnt scries, there was no thyroid on the left, the right lobe 
being about twice the normal in weight, so that the total amount of thyroid tissue 
was still about average. 

Thyroid Weigh!. On the whole, glands which were judged active, in histological 
ai)pcarance, were below average in weight; while ‘storage’ glands were heavy. .>V 
complete correlation between weight and activity jwobably does not a[ipear since a 
gland will show the picture of a ‘storage’ phase before colloirl .<tf»rage has caused a 
marked weight increase. Similarly, early in a secretory phase actual weight loss from 



Fig. 2. Sr.ASOXAL ACTIVITY of thyroid of adult male mallard.'; (ba.‘;cd on hislologica! findings) 
related to moult.s. 

colloid depiction may be e.xpccted to lag behind the appearance of histologiad ac- 
tivity. (dand weights alone therefore give only a poor indication of the seasonal 
cycle of activity. The average weight of the thyroid tissue of 28 males was 108.37 
mg. and 8S.9 mg/kg, body weight. For females absolute tiverage weight was 104.S 
mg. and loo.S mg/kg. body weight. It is doubtful whether this difference in thyroid 
weight per unit body weight is signilicant, since owing to unequal numbers and un- 
equal seasonal distribution of the respective data for the two sexes, the figures may 
be biased. 

llislological Appearances. A number of serial sections through the renter of 
each of the two lobes were examined for every bird. I'or each lobe 10 measurements 
of vesicle diameter and ‘vesicle wall thickness’ (dejith of tissue between two adjacent 
vesicles = twice epithelial height -f intervening connective tissue db capillary, a 
ready index of epithelial cell height) were made. X'ascularity was assessed by the 
number of non-capillary vessels in 10 high power fields per lobe. Although the his- 
tological technique used was unsuitable for c^'tological detail, two e.xtreme jiliascs of 
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thyroid activity could easily be recognized on this basis. These may be briefly char- 
acterized as follovs, quantitative data being based on the above measurements for 
both thyroids of 10 birds, in each case both sexes being represented, i) A resting or 
‘storage’ gland with large vesicles average diameter 79.5 with low epithelium and 
flattened nuclei, average wall thickness 6 y. and poor vascularity, an average of 8 
non-capillary vessels per 10 high power fields. This presumably represents a phase 
of colloid accumulation but with reduced colloid production and greatly reduced 
hormone discharge into the circulation. 2) The other extreme labelled ‘active’ was a 
phase of maximal secretory actmty with increased hormone discharge. Vesicles were 
small, average diameter 47 /i, epithelium high, average wall thidmess 8.5 y with 
rounded, paler nuclei, a well-developed intervesicular capillary network and an 
apparent increase in larger vessels, average 23 in 10 high power fields. Such glands 



Fig. 3. Seasonal activity of thyroid of adult female mallards (based on histological findings) 
related to moults. 

frequently showed non-staining, approximately circular areas in the peripheral 
colloid. These also appear in Zenker fixed glands stained with azocarmine and Heiden- 
hain’s azan. Since they were always found in ‘active’ glands, the suggestion of others 
that they represent a transport phase of the colloid during secretion into the vesicle 
or during its resorption therefrom appears plausible though their precise nature can- 
not be regarded as estabhshed. 

Table i summarizes the seasonal phases of gland activity as assessed by these 
histological criteria in relation to gland weights and plumage j while figures 2 and 3 
represent the activity cycle in relation to the moults in graphic form. 

Two clearly separated phases of thyroid activity are shown. First, durmg the 
colder months, October to January, there is a period of activity in both sexes. A 
similar increase of thyroid activity during the cooler months has been reported in the 
house sparrow by MiUer (15), who has also induced this response experimentaUy by 
exposure to low external temperatures. Undoubtedly this response plays a part m 
temperature regulation during winter in birds. 
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Second, a phase of activity is found in the summer which appears to iie related to 
the first moult. In tlie male, this pliase c.Ktends from mid'Ajmil to late May, preceding 
the onset of the moult by about one month (fig. 2), In the female, it occurs later, 
namely in June, but again its onset prcccde.s the moult by about one month (ng. 3). 
The fact that the summer jdiase of thyroid activity shows a different seasonal in- 
cidence in the two sexes is strong evidence that this activity is in fact correlated with 
the moult. If any phase of thyroid activity precedes the less severe second moult, 
it must be of much shorter duration than that preceding the major moult. The active 
condition of a male thyroid of July 16 m.ay reijresent this phase. Tiie fact that the 
phase of thyroid activity inecodcs rather than synchronises with the moult i< ex- 
plicable, since an interval between the time of increased rcdcascof thyroid hormone 
and its effect on the rest of the body is to he expected. This expectation is confirmed 
by ^^'oitkcwitsch (6), wlio showed that in the starling, in which thyroidectomy 
abolishes the moult, the operation is cfTective only if it precedes the onset of the 
moult by a considerable j)eriod. 


TAiur, 2. ErrncT or ’riiyKO!r>i:!;T,.niY nr r-Mre.Tii 01.0 ;!Ai.i..\t:i,'S on hodv wr.tOHT and mocct 

(oi-r.K.XTiON jri.Y 15 -iH, joj?' 


Males 

Operated; 750, ooo gm.‘ ControPr 1050. 

rioo, 9SO cm!. 

.\vcrage; 8:5 gm.' .Xvcr.rgc: ro;5 gm. 

Females 

Operated; 950 gn!.' Controh; jo;5, iodo, 

1050, roeo. It to, 
950 gm. 
.•\vcragc: 1035 gm. 

‘ Body weight when killed, 7 months oid (Jan. 6, 1948). 

RESUI.TS OF THYROIDECTOMY 

Since \\'oitkcwitsch (6) showed that thyroidectomy performed in ducklings 
when 5 to 10 days old prevented the moult completely, while on the other hand 
Chu (10) found that in adult mallards thjToidectomy did not prevent onset of the 
moult into the eclipse jtltimage, it was of interest to investigate the effects of thy- 
roidectomy at an intermediate age. A number of mallards were, therefore, thyroidec- 
tomized wlien two months old, July 15 to iS, to observe the effect on the moult from 
the first juvenile into tlic first mating plumage due about mid-September. Three 
birds, 2 males and i female, made a complete recovery and survived until January 6, 
when they were killed. Post-mortem examination of the thyroid region (macroscopic 
and microscopic) showed that the operation had been complete and no tli3*roid re- 
generation had taken place. Table 2 summarizes the effects of tlie operation on body 
weight. This shows that the operation delayed growUi as indicated b>’’ decreased body 
weight compared to the controls. The effect of thyroidectomy on the moult and forma- 
tion of the new plumage is shown by the plumage conditions as recorded on November 
25 (17 weeks after thyxoidectomj’- of the experimental birds). 
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Males. Four controls in fuU breeding plumage, i thyroidectomized bird in full breeding pluma-e 
the other showed retention of the juvenile plumage on the abdomen; otherwise full breeding plum- 
age. 

Females. Seven controls, all in full breeding plumage, thyroidectomized bird also in full breed- 
ing plumage. 

T 1 i 6 operated birds showed the usual structural feather defects of thyroidectomy. 
The date of first appearance of the new plumage was variable in the controls of both 
sexes and no definite lag in appearance of new feathers in the thyroidectomized birds 
was evident at any time. 

Failure of the moult in part of the ventral surface as noted in one of the operated 
males occurs occasionally in wild mallards wintering in northern latitudes (personal 
communication of Prof. W. Rowan) and its occurrence in the present instance is, 
therefore, not necessarily attributable to the thyroidectomy. Hence, it must be con- 
cluded that thyroidectomy did not prevent or delay the onset of the moult. 

DISCUSSION 

The result of 3 thyroidectomy experiments may, by themselves, be regarded as 
inconclusive, but they are supported by the similar findings of Chu (10). The pre- 
vention or postponement of the moult in ducklings operated when under one month 
old, reported by Woitkewitsch (6), can readily be explained as part of the general re- 
tardation of development induced by thyroidectomy, rather than as a specific effect 
of the operation on the moulting process. The general conclusion that mallards can 
moult in the absence of the thyroid gland therefore remains unaffected. 

Recent observations by Sulman and Perek (17, 18) show that the basal metabo- 
lism of hens is raised considerably during the moult. Nevertheless, when this was 
prevented by administration of thiouracil, the moult was neither postponed nor 
prevented. The position in the maUard appears to be essentially similar; increased 
thyroid activity occurs somewhat prior to the moult; by this, the metabolic rate is 
no doubt raised, presumably in connection with the formation of new feathers. This 
phenomenon is, however, merely associated with and not a cause of the moult, which 
still occurs after thyroidectomy. As indicated by the experiments of Chu referred to 
above, there is, however, a causal relationship between androgenic activity of the 
testis and the moult in this species. 


SUMMARY 

Histological observations on 24 adult male and 16 adult female mallards indicate 
tv/o seasonal phases of increased thyroid activity: a) one affecting both sexes from 
October to January; 5 ) one preceding the first, more extensive moult by about one 
month, occurring in males from April to late May and in females, wliich moult about 
one month later, in June. A second, much more transient period of increased thyroid 
activity may precede the less extensive second moult. 

In three birds operated two months before the expected moult from juvenile to 
first breeding plumage which survived a 6-month period of observation after com- 
plete thyroidectomy, the moult was not prevented or postponed, though one bird 
failed to moult its abdominal feathers. 
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Three females shov/cd a deviation from the normal macroscopic thyroid pattern, 
the two lobes being united caudally across the midline of the neck in 2 birds; in 
another the left thyroid was absent but the- right hy[)erlrophicd. Mean weights of 
thyroid tissue were SS.o mg/kg. body wi, in males and ico.S mg/kg. body wt. in 
females. 

Thanks are due to tlic medical research comniitlcc of Guy’s Hospital Medical .School ('.there 
Uic material was jtrepared) for financial support; to Dr, ]• llcattic of the Royal Co'lecc of Surgeons 
(England) for facilities to keep ducks at the Kuckslone Brown ExiK-rimental Farm, and to Sir 
.Arthur Keith and ^^r. F. Watson for observations on these hirds in the author's absence. 
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FLUCTUATIONS OF SERUM CHOLINE IN WOMEN 

J 0 RGEN ULRIK SCHLEGEL 

From Ihc Medical- Analomical Department, University of Copenhagen 

COPEKHAGEK, DENMARK 

S EVERAL lines of evidence suggest that variations in the choline content of 
scrum occur throughout the menstrual cycle. Thus estrogens, which exhibit 
two maximal levels during the cycle, are known to affect the cholinesterase 
activity of blood (1-4) and to exert a cholinergic action upon certain tissues (5-8). 
This .subject was recently reviewed comprehensivch’’ (9). 

PROCEDURES 

In order to investigate the above relationship the serum choline content of 36 
women was studied. As noted in table i, there were two categories of subjects, 
designated A and K respectivel3\ Group K comprised 15 subjects who were patients 
in the Gj-nccologic Department of the Municipal Hospital in Copenhagen. The 
patients selected for study presented insignificant gjmecological anamneses and, 
practicalh’ speaking, ma}' be regarded as normal liealtliy individuals. On each of 
these subjects a duplicate determination for serum choline content was made onU 
once. Group A comprised 21 female medical students with no gjmecologic complaints. 
On most of these subjects several duplicate determinations were made at various 
times (see table i, column 3). 

In all, 03 duplicate determinations were made. In order to insure uniformity all 
blood samples were drawn in the morning. In most instances the individuals were 
fasting when blood samples were drawn. A few b}^ mistake had their breakfast be- 
forehand but this did not seem to liave any effect on the choline level of the blood. 

Determinations of the choline content in serum were made by acetylation of the 
serum, whereby the choline was converted to acetylcholine. The method of Abdon 
and Ljungdahl- 0 slberg (10), slightly modified, was employed for the acetylation of 
serum. Blood samples were dranm by venous puncture. The amount of acet3dcholine 
formed was determined by comparing the effect of the acetylcholuae obtained by 
acetylation with the effect of a solution of acet3dcholine of known potency on isolated 
guinea pig intestines (9). The mean of the standard deviation of the individual 
determinations in duplicate is 9.4 per cent, in single, 12 per cent (9). 

RESULTS 

Scrum Choline. It is readily apparent from table i that there was a wide spread 
of experimental results within the individual days of the cycle and from day to day. 
It was necessary to investigate vdiether or not these variations could be attributed, 
entirely or in part, to variations in the choline content of the diet. 

Received for publication March ii, 1949. 
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DAY or cYctrji itfBjrer 

DATT 

rr.sru nio* 
UNT-. j;o. ^ 

D.VY CJ* cvcxr. 

• 





Sludatls 




34 

s/ 9/47 

0-433 

31 

.■1 .f 2 

10/ 1/47 

0,296 

6 






10/ S/47 

0.232 

12 

^ 35 

5/28/47 

0.36S 

7 


10 / 23/47 

0.728 

27 


4/28/47 

0.242 

5 


io/:oAj 7 

0.553 

5 






2/ 3/4S 

1. 210 

IS 

A 37 

4/2S/47 

0.185 

36 


3/ 2/48 

1.370 

*4 






3/ 10/4S 

2.145 

2 2 

A 3 S 

s/ 9/47 

0.467 

4 






5/33/47 

0.670 

18 

/I 

10,/ 6/47 

0.204 

iS 






10/13/47 

0.304 

2 * 

A 40 

5/23/47 

0.400 

I 


n/ 3''47 

0.420 

IS 


9/25/47 

0.425 

13 






10/ 2/47 

0.462 

20 

-1 

11/ 3/47 

0.442 

4 


11/17/47 

0.304 

I 


r 1/10/47 

0, 104 

It 


11/24/47 

0.433 

7 


11/17/47 

0.620 

iS 


12/ S/47 

0.453 

21 


n/20/47 

0..383 

37 

A 41 

9/24/47 

0.308 

6 

.1 .;i' 

11/ 6/47 

0.337 



10/ S/47 

0. 160 

30 


11/20/47 

0.672 

s 


10/15/47 

0.28S 

35 


11/37/47 

0.3SS 

IS 


10/22/47 

0.447 







10/30/47 

0.500 

12 


n./ tV 47 

c.Sfo 

iS 






11/27/47 

0,620 

12 

A 43 

0/24/47 

0.39s 

12 


12 / 3/47 

0.372 

17 


10/ 1/47 

0.199 

19 


4/12/48 

o. 9 ^S 3 

10 


10/ S/47 

0.170 

4 






10/15/47 

0.43S 

II 

•'1 51 

11/ 5 A*. 7 

0.313 

21 


10/22/47 

0.402 

18 


X 1/19/47 

0,440 

4 


2/ 2/48 

1 .375 

I 


12/ 2/47 

0.565 

17 






4/20/48 

0.6.35 

20 

A 44 

0/25/47 

0.317 

25 






10/ 2/47 

0.370 

36 

.4 52 

11/ 5/47 

0.240 

6 


to/ 9/47 

0,398 

5 


11/10 ''4 7 

o.t'05 

20 


10/16/47 

0.40S 

13 


12/' 1/47 

0.573 

6 


10/22/47 

0.543 

iS 


12/10/47 

0.695 

15 

A 45 

9/25/47 

O..tO0 

5 

-1 54 

11/ S/47 

0.437 

I 


10/ 9/47 

0.342 

19 


11/19/47 

0.570 

14 


10/16/47 

0.32S 

25 


12/ 3/47 

0.3S0 

28 


10/29/47 

0.414 

10 


3/ 3/47 

0.S47 

21 

A 46 

9/20/47 

0.317 

2 

• i 55 

11/20/47 

0.257 

5 


10/ 6/47 

0.317 



11/27/47 

0,858 

12 


10/27/47 

0.582 

9 


12/ 1/47 

0.383 

16 


10/29/47 

0.550 

3 









2I 37 

12/10/47 

1.036 

13 

A 47 

9/29/47 

0.762 

7 


4/20/47 

0.595 

2t 


10/ 6/47 

0.390 

15 






10/13/47 

0.433 

21 






10/29/47 

0.580 

4 






Clitiic Patknls 


K 0 

S/21/47 

0.422 

10 

K 26 

7/ 8/47 

o.i6q 

1 

K 13 

6/13/47 

0.265 

17 

K 27 

7/ S/47 

0.332 

6 

K 14 

6/13/47 

0.412 

10 

A JO 

7/10A7 

0.253 

15 

K 15 

6/17/47 

0.233 

7 

31 

7/10/47 

0.054 

2S 

A 20 

6/24/47 

0.278 

27 

A J 2 

7/15/47 

0.3S1 

15 

A 21 

6/24/47 

0.340 

10 

3.; 

T/xs/aI 

0.305 

0 

K 22 

6/24/47 

0.272 

26 

K37 

ihTlM 

O.3S2 

-24 

K 23 

7/ 2/47 

0.418 

28 
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DkJ and Scrum ao/jKC. Experimenting with animals, Luecke and Pearson (ii) found that a 
dosage of 400 mg. of choline chloride administered daily for 6 days did not raise the choline content 
of either the li\er, kidne\ or plasma of sheep. Borglin (12) found no indication that the level of 
choline in human blood changes with the diet. Following the administration of pure choline in very 
high dosage he observed a sharp rise in choline content followed by a comparativ^ely rapid decline 
to original levels. The chief purpose of this phase of our study was to ascertain wiicther or not a diet 
high in choline or choline-producing substances ingested on tlie day prior to the drawing of blood 
samples would influence the serum choline content in the morning of the following day. 

For 5 consecutive dar-s analj-ses of the scrum choline content of one patient in the iMunicipai 
Hospital in Copenhagen were made. During the first 2 days the patient was given a normal hospital 
diet. During the following 2 days the patient received 5 gm. of L-methionine, 6 eggs and 130 gm. of 
protein daily. The results are given in table 2. The patient was a woman {K44, table 2) aged 17. 
She w'as admitted to the hospital on January 3, 1948, and was under observation for rheumatic 
fever. At the time wiien blood samples xverc drawn she was non-feverish and without complaints. 

It appears from table 2 that the administration of a diet high in choline does not raise the serum 
choline content of a blood sample drawn the following morning. It is true that relatively great 


Table 2 


DATE ^ 

1 

ninx 

SODlUil 

CnOUKZf MG, PER CENT 


8 A.II. 

fasting 

1.42 


7 P.M. 

normal 

1.40 

1/19/48 1 

S A.M. 

fasting 

1.24 


5 P-M- 

normal 

1.27 


8 A.M. I 

fasting 

0.90 


6 P.M. I 

1 spec, diet 

2.13 

1/21/4S 1 

S A.M. 

fasting 

0.81 

1/21/48 j 

4 P.M. 1 

spec, diet 

0.9S 

1/22/4S 1 

8 A.M. 1 

fasting 

1.70 


variations arc observed, but these variations do not seem to be attributable to the diet. The patient 
began to menstruate on January ig, 194S. It is possible that the variations in serum choline cor- 
respond to some change associated with the menstrual cycle. It is difficult, however, to offer an 
explanation for the single high finding of 2.13 mg. per cent. 

comparison of these data with the results reported by Borglin would seem to justify the 
assumption that a normal diet docs not cause any appreciable variation in the serum choline con- 
tent, In an}’’ case, experimental conditions must be said to be uniform if all blood samples are drawn 
in the morning from fasting individuals. The diet ingested on the previous daj', even though very 
high in choline, should not have any efifect on the serum choline content. Since the mean of the 
standard deviation of the individual determinations in duplicate summarized in table i is only 9.4 
per cent, and since the diet docs not have an effect on the serum choline content, other factors must 
be responsible for the variation in the values presented in table i. 

Mcnslnial Cycle and Serum Choline. When the serum choline concentrations 
given in table i are plotted as a function of the menstrual cycle, using fluctuating 
means of the values obtained over a period of 5 days, the stippled curve in figure r 
is obtained. The curve was constructed on the basis of fluctuating means of the values 
obtained over a 5-day period in order to eliminate the errors w'hich may arise when 
fixing the day of the cjmle. The cycle is here assumed to be 28 days long. It will be 
seen from the curve in figure i that maximum values ivere encountered on the 14th 
day, minimum values on the 26th day. 
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A sUitislical compulation of the significance of the difference in scrum choline 
concentration between the 26th and the r4th day shows that the probability of such a 
great difference between the two means being a chance occurrence is 1.4 (P == 1.4%)- 
This means that the difference in choline concentration between the 26th and the 14th 
day is significant. The significance of the difference in choline concentration betv/een 
the 22nd and the 26th day of the cycle (P) is found to equal S.4 per cent. Thus the 
difference is probably significant. The decrease in serum choline concentration is not 
significant since P equals 14.7 per cent. 

In summarjq therefore, decrease in choline concentration of the scrum occurring 
between tiic 14II1 and the 26th day of the menstrual cycle has statistical significance, 



Fig. 1. CxmTCS inclic.atc the serum choline content in mg. % corresponding to the difTcrent 
daj's within the menstrual cycle. Data obtained in 93 duplicate determinations. The stippled curve 
was plotted on the basis of fluctuating means of values obtained over a 3-day period, llic solid line 
.ndicates the mean at different intcr\‘als. 

whereas there is little statistical probability that the drop docs not occur before the 
22nd day. Accordingly, one may say tliat a relationship e.\ists between the clioline 
level of the serum and two particular phases of tlie menstrual cj'^cle. The fact that 
a relationship is established statistically between the serum choline content and the 
menstrual cycle does not offer an explanation for the great variations occurring 
both from day to day and within the individual daj’^s of tlie c\’cle (table i). This 
variabilit}’’ is in part attributable to the fact that conditions other than hormonal 
ones affect the determinations which are reported above. Among these are seasonal 
climatic factors. 

Seasonal Variations of Scrum Choline, In tlic course of further c-xperimenfs it appeared that the 
serum choline content is subject to marked variation from season to season. The cyclic variation with 
the menstrual C3'cle is superimposed upon that of this basic annual cjxlc. The seasonal variation is 
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shoivn in figure 2. The height of the columns indicates the mean of the total number of choh'ne values 
measured during the month. The total number of duplicate determinations made during each month 
is given at the bottom of the columns. No measurements are available, however, for the month of 
August, 1947. 

It rvill be seen that the monthly mean levels of choline were found to be highest in the months 
of February and March and lowest in the months of June and July. A statistical computation of the 
difference between maximum and mim'mum values— even though based on the data of women 
only (13 wmmen in July and 3 women in March)— reveals that P equals less than one per thousand, 
which means that the difference is highly significant. 

The curve in figure i, representing the relation of variations in choline content to phases of the 
menstrual cycle, was constructed on the basis of values obtained over a 12-montli period. Eight 
detemunations were made on menstruating women during the months of January, February, March 
and April, 1948, whereas 85 measurements were made during the remainder of the year. Accordingly, 
an attempt has been made to determine statistical!}' whether or not the maximum serum choline 



Fig. 2. Seasonal variations in the choline content of the serum, 

level occurs about the 14th day irrespective of the season. This is so, since the value of P in each case 
equals i per cent, which means that the difference in serum choline levels between the 14th and the 
26th day is .still significant. 

From this it may safely be concluded that a relationship clearly exists between the concentra- 
tion of serum choline in the average woman and the day of her menstrual cycle. The average serum 
choline concentration is highest on the 14th day and lowest on the 26th day of the cycle. 

DISCUSSION 

A cyclic variation in the menstrual cycle of the choline level of the serum would 
appear to be correlated with corresponding hormonal changes. If so, the existence 
of a relationship between estrogen and choline may exist. From the following it is 
clear that such a correlation does hold, for serum estrogen and choline content of the 
serum vary together during the menstrual cycle. 

Fluhmann (13) studied the estrogen content in the serum of 80 young women. 
It appears from his investigations that the estrogen content is highest around the 
14th day and lowest around the 27th day of the menstrual cycle, Markee and Berg 
(14) conducted similar experiments on 75 young women. The estrogen curve given by 
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them sliows the highest values grouped around the T4th~T5lh day ar.d the lowest 
values around the afitli lo aSlh day. 

In summarizing these results it seems reasonable to deduce that the concentra- 
tions of both estrogen and choline vary during the menstrual cycle in such a manner 
that there is a coincidence of the maxima and the minima of the two airvcs. This 
would suggest a possii)le relationship between estrogen and choline. Tlic established 
effect of estrogen upon serum cliolincstcrase in rats, rabbits and guinea pigs may 
provide the basis for this relationship (1-4). 

SUMilAllY 

Scrum choline concentration is related to the menstrual cycle with the highest 
value around the 14th day ami the lowest around the ;6i!i. A possible relationship 
between choline and estrogen is pointed out. The choline content of thcsenim is on 
the average about 5 limes liighcr in the month of February and March than in the 
months of June and July, ('riie c.xperimcnt.c were carried out in Denmark in the 
period, iVIay, i()47--May, 104S.) 
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GLYCOGENIC EFFECT OF ADRENAL CORTICAL EXTRACT 

GALE H. KEYESi and WCENT C. KELLEY^ 

From the Department of Internal Medicine Research, School of Aviation Medicine 

RANDOLPH HELD, TEXAS 

K elley and McDonald (i) reported alteration of the glucose tolerance 
of dogs exposed to simulated altitudes of 24,000 feet. During an attempt 
to find an explanation for this, we found that adrenal cortical extract 
caused a marked increase in the ability of dogs to form glycogen from glucose. A 
full report offering an explanation of the altered glucose tolerance is being presented 
(2) but it was felt that the importance of this glycogenic property of adrenal cortical 
extract merited its appearance in a separate paper. 

METHODS 

The animals used were 6 weU-trained Dalmatian coach hounds, 4 of which were 
litter mates. The dogs were loosely restrained in a supine position on animal boards, 
no anesthesia being used. Blood samples were obtained by femoral arterial puncture 
or by external jugular vein puncture. The dogs were fasted for 12 hours prior to the 
test. In experiments at a simulated altitude of 24,000 feet, the dogs were restrained 
prior to decompression and then decompressed at the rate equivalent to an ascent 
of 2000 feet per minute. This, plus previous experience of the dogs in the decompres- 
sion chambers, we hoped would minimize stimulation of the sympathico-adrenal 
system. 

The glucose tolerance test consisted of injecting intravenously 0.5 gm. of glucose/ 
kg. of body weight, and drawing blood samples immediately before, 15 and 30 
minutes, i, 2 and 3 hours after the injection of the glucose. All blood sugar determi- 
nations were made by the method of Horvath and Knehr (3). The blood lactic 
acid was determined by the method of Barker and Summerson (4) and the blood 
pyruvic acid by the method of Friedemann and Haugen (5). 

RESULTS 

The data on which this report is based are listed in table i. The conditions under 
which these data were obtained, as indicated in the table headings, were during the 
course of standard intravenous glucose tolerance tests: a) at ground level (750 feet 
above sea level), V) at decompression equivalent to an altitude of 24,000 feet and 
beginning i hour after the intraperitoneal injection of 2 cc/kg. of body weight of 
commercial adrenal cortical extract, and c) at ground level at varying intervals 
after similar administration of the extract. Control experiments were performed 
giving the adrenal cortical extract without the glucose, J) at simulated 24,000 feet, 
and e) at ground level. 

Received for publication December 16, 1948. 
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Administration of 0.5 gm. of glucose/kg. of body weight to 4 of the dogs produced 
a minimum increment in the blood sugar of 55 nag/ 100 cc. at the 3o-minute period. 
All levels returned to the baseline at the end of 3 hours. The blood lactic acid and 
pyruvic acid values in this test, unfortunately, were done on venous samples which 
later were found to be greatly affected by such minor disturbances as excitement 
and stasis (2). However, there were no marked increases in either throughout the 
test. 

Administered glucose under the influence of adrenal cortical extract produced 
rather startling results. In the studies usmg the extract at a simulated altitude of 
24,000 feet, the act of decompression itself produced no uniform change in the blood 
glucose level but, in the case of Eschatin", the administered glucose disappeared from 
the blood stream within 15 minutes. In the case of Upjohn’s Adrenal Cortex Extract, 
one dog showed rapid disappearance of the glucose while it was not markedly evident 
in the other one. However, in this dog, it should be noted that the blood lactic acid 
and P3nruvic acid were greatly elevated after injection of the glucose and continued 
so generally throughout the test. 

The added glucose at ground level also disappeared from the blood stream 
rapidly imder the influence of adrenal cortical extract. In the case of the first two 
dogs, Eschatin was given only 15 minutes before the glucose. The e.xtract itself 
raised the blood glucose level markedly, but the added glucose had completely disap- 
peared from the blood stream at the end of 30 minutes. The experiment on the second 
dog was then repeated giving the extract and the glucose at the same time and the 
iS-minute increment was only 82 mg. per cent. In the case of Upjohn’s Adrenal Cortex 
Extract, all of the injected glucose was cleared from the blood within 30 minutes 
in the first of two dogs and the second showed a 30-minute increment lower than 
expected in a normal glucose tolerance test. Urine collection for the first hour of the 
test in these two dogs showed reducing substances less than that equivalent to i gm. 
of glucose when titrated with Benedict’s solution. 

In the control studies, Eschatin was given one hour previous to decompression 
to a simulated altitude of 24,000 feet and very little effect on the blood glucose was 
evident. As can be seen from the previous experiments, Eschatin caused a rise in 
blood glucose 15 minutes after injection. This was quite high and presumably due to 
presence of some adrenalin as the glucose value at one hour was usually back to 
normal. Therefore, Upjohn’s Adrenal Cortex Extract, which reputedly contains 
neglimble adrenalin, was tried to ascertain its early effect. In five determinations 
there was no alteration of blood glucose at the is-minute level although sometimes 
there was elevation at one hour. 


DISCUSSION 

In a standard glucose tolerance test, the rapidity with which the glucose disap- 
pears from the bloodstream is determined for the most part by how rapidly glycogen 
is formed. The formation of fat is a much slower process and injecting carbohydrate 
increases oxidative processes commensurate only with the increase theoretically 
expected from the specific dynamic action of glucose (6). Since it has been shown that 


* Eschatin is an adrenal cortical extract produced by Parke, Davis and Company. 
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adrenal cortical extract actually jiromotes the conversion of both fat and protein to 
carbohydrate metabolites (7) and that injection of adrenal cortical extract in the 
hcpateciomixed rat causes no influence on the blood sugar (8), it follows that tlse 
rapid clearance of added glucose after the injection of adrenal cortical extract oc- 
curred because the animals had an increased ability to form glycogen. 

It has been known for many years that adrenalectomy makes it difllcult to 
maintain normal glycogen stores (0-13) particularly in the liver, unless sail and 
water balance are maintained carefully and the animals arc v.-ell-fcd (14), However, 
administration of adrenal cortical extract enables an adrenalectomb/cd animal to 
maintain perfectly adequate glycogen stores (14, 15). Even further, giving adrenal 
cortical extract to normal animals causes increase to above normal glycogen de- 
posits (16, 9). Moreover, Sundstrocm and Michaels (17) found that nils kepi at 
simulated high altitudes were able to maintain amazingly high liver glycogen levels 
in comparison to the nutritional state of the rest of the body as a whole. Also, the 
liigher the altitude, the higher the glycogen content, presumably corresponding 
to the amount of iiormoncs produced by the adrenal cortex. From what can be 
gathered from literature, many assume that all this glycogen deposition Is secondary 
to gluconeogcncsis (18). Several reports have come out, however, to .‘Jupport the 
premise that there is actually a positive clTcct on glycogen deposition by adrenal 
cortical extract. Britton and his workers actually {)roposcd tins many ye.'irs ago (0), 
and it has been suggested as a means of assay of adrenal cortc.x prcjxarations (9, 19). 
They however, at that time apjiarcntly did not convince everyone tliat adrenal 
cortical extract actually had glycogenic power.?; but in 1940, Corey and Britton (so) 
perfused livers and found that adrenal cortical extract did enhance glycogen deposi- 
tion in these livers. In addition to this, a preliminary report by Chiung-yun Chin 
and Needham (at) reported that adrenal cortical extract enhanced glycogen deposi- 
tion in tissue .slices from added glucose, sodium pynn-alc, or UL-alaninc. 

If adrenal cortical extract actually enhances glycogen deposition from glucose, 
then where in tlic metabolic cycle could it act? Glycogen deposition might be en- 
hanced by a) rapid removal of inorganic phosphate, b) more rapid transfer of glucose 
through the cell membrane, c) any rejection which would increase the concentration 
of glucose-G-phosphatc, or d) an increase in the turnover of the enzymes concerned 
in the reversible reactions converting glucosc-6-pho?phate to glycogen. 

(a) Kalckar (23) estimates the penetration of inorganic phosphate in muscle to 
be approximately i 7 of P per minute per gram of muscle. He further gives evidence 
to support the premise that pho.sphale penetrates the cell bomrdary by a purely 
physical means. If, then, the transfer of the organic phosphate in liver cells were of the 
same order, the simple transfer of inorganic phosphate from the cell would be con- 
sistent with the rate of disappearance of glucose in a standard glucose tolerance 
test. How’cvcr, inorganic phosphate must continually be used to rejuveuate the 
adenosine triphosphate used in the formation of glucose-6-phosphate from glucose, 
and Kalckar estimated the rate at which adenosine triphosphate can be rejuvenated 
in muscle cells to be in the order of 20 to 30 7 of P per minute per gram of muscle, 
and in liver 15 7 of P per gram of liver per minute. This provides a means for ^emo^'al 
of phosphate much greater than is called for in a standard glucose tolerance test, so 
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it is unlikely that tlie removal of inorganic phosphate is the limiting factor determin- 
ing the rapidity with which an organism can form glycogen. 

{b) The transfer of glucose across the cell membrane need not be considered the 
limiting factor because a man doing hard physical labor may use energy to the 
equivalent of loo grams of glucose per hour, which after his existing glycogen stores 
are depleted will be supplied largely in the form of glucose to the muscle cells. 
This is far above the rate needed in a normal glucose tolerance test. 

(r) The concentration of glucose-6-phosphate may be increased in several 
ways. Since pyruvic acid concentration increases in these experiments, it would not 
be inhibition of any of the reversible reactions between g)ucose-6-phosphate and 
pjoruvic acid; therefore, it would be r) increase in the concentration of adenosine 
triphosphate, 2) decrease in the turnover of the phosphatase enzyme converting 
glucose-6-phosphate to glucose, or j) increase in the turnover of hexokinase convert- 
ing glucose to glucose-6-phosphate. All these possibilites can be excluded as they 
would all result in a decrease in blood sugar when the adrenal cortical extract was 
first given. In other words, the glucose-6-phosphate and glucose are at equilibrium 
with each other because of the equalization of the two reactions: 

ATP + glucose hexokinase glucose-6-phosphate ■+• ADP, and 

glucose-6-phosphate phosphatase glucose -f H2PO4. 

That this is so can be shown by giving insulin which allows a faster turnover of 
kexokinase (22) and a resultant fall in the blood glucose. Further, it has been shown 
that, although insulin may enhance glycogen deposition in normal animals with 
normal or low blood sugars, it enhances glycogen deposition only slightly when glu- 
cose is given to raise the blood sugar level (24). 

(d) We are left, then, with the possibility of an increase in turnover of enzymes 
in the reversible reactions converting glucose-6-phosphate to glycogen. The end 
equilibrium of this system as expressed by its equilibrium constants is not changed, 
but the speed with which equilibrium is reached is altered. 

With this in mind, consider the case where Upjohn’s Cortex Extract, containing 
negligible amounts of adrenalin, was given alone. There was no appreciable effect 
on the blood glucose in the first 15 minutes. The increase in some instances by 
one hour would be due to the well-known gluconeogenic effect (25) of adrenal cortical 
extract, which is maximal about 4 hours after injection (26). Also, when adrenal 
cortical extract was given and the dogs were subjected to a simulated altitude of 
24 000 feet there was enough oxygen present to maintain the aerobic metabolism 
approximately as well as at ground level (27). So again the equilibrium was not upset, 
and the blood glucose was not altered appreciably until gluconeogenesis was active. 
On the other hand, when glucose was given intravenously before gluconeogenesis 
(due to the adrenal cortical extract) had been increased to a large degree, the excess 
glucose upset the equilibrium but disappeared from the blood stream at a rate much 
above that in a normal animal. The ability of the system to utilize glucose and re- 
establish equilibrium had increased. 

An increase in turnover of the enzymes converting glucose-6-phosphate to glycogen 
is entirely consistent with the obsen^ation (28, 12) that the response of adrenalec- 
tomized animals to injected adrenalin is much reduced even though their glycogen 
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stores arc fairly high. It has further been shown that hypophy.sectomized animals, 
after about 30 (la>^, show no hyperglycemic response to injected adrenalin even with 
adequate glycogen stores (20, 30). In this case, it could be possible that the adrenal 
cortex undergoes secondary degeneration with a reduced amount of cortic.il hormone 
resulting in a decreased turnover of the enzymes in quest ion .so Unit no m.arked hy{X;r- 
glyccmic response occurs from the adrenalin. 

Using Cold's work on the }icxolcina.‘:e rixiclion (22), togeliier with the effect of 
adrenal cortical c.xtract on the conversion of gUicosc-6-phosp!iatc to glycogen, one can 
easily cxqjlain the glucose tolerance of a jienson with .'Vddison’s disease, d'he intravcnou.s 
glucose tolerance test of a [lat dent with .Addison’s disea.se (31) typically shows a lower 
than normal peak after injection, but a greatly j>rolonged return to the original 
blood glucose level. As there are roducetl amounts of adrenal cortical hormone present, 
the he.xokinasc is not inhibited so there is a rapid uptake of glucose early in the 
test with the formation of increased amounts of jihosphorwdated metabolites, resulting 
in a low increment due to tlie injected glucose. Then, since the conversion of glucosc- 
6-phosphale to glycogen is not as rapid as when adrenal cortical hormone is pre,senl in 
larger amounts, it lakes longer than normally to dcjiosit glycogen and reach the 
original blood level. 

The reaction of r/eg eAU in the test done with adrenal cortical c.xtnict at 24,000 
feet can now be c.vqdaincd further too. It will be noted that, early in the test, the 
lactic acid was increased more than that of the other dogs indic.ating gluconeogcnesis 
had begun earlier and thus helped maintain the blood glucose at a higher level. 

Colowick and Sutherland (32), using purified enzymes, found that the reaction 
in vitro: 

glucose-6-phosphatc phospho g l ucoinut ase glucose- 1 -phosphate 
was not as rapid as: 

glucosc-i-phosphatc pho5phQr>dasc glycogen — H:rOj. 

The active constituents of adrenal cortical e.vlracts arc generally accepted to be 
steroids; so the outcome of further work probably will be that the.se steriods, or a 
stcriod, acts to activate phosphoglucoinutase. An additional possibility would be a 
secondary change in concentration of some other factor such as magnesium ion. 

SU.\BrAUY AND CONCLUSIONS 

Dogs previously given 2 cc/kg. of body weight of commercial adrenal cortical 
extract intraperitoncally were found to be able to clear their blood of intravenously 
injected glucose much more rapidly than without the extract. At this same time, the 
blood lactic acid and pyruvic acid values were elevated. Giving adrenal cortical ex- 
tract or glucose in normal animals has not been shown to increase the basal metabolic 
rate, so the glucose must have been transformed to glycogen. Since it is known that 
liver glycogen stores are increased when adrenal cortical hormones are increased and 
that it is difficult to maintain glycogen stores when they are absent, it follows that 
adrenal cortical extract speeds the formation of glycogen. This must occur by increasing 
the turnover of the enzymes in cither the reaction: 
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glucose-6-pliosphate phospboglucomutase glucose-i-phosphate 
or 

glucose-i-phosphate phosphorylase glycogen + H2PO4. 

The most probable mechanism is that an adrenal cortical hormone acts as an activa- 
tor to phosphoglucomutase. 
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GLXjXOSE TOLERA^XE OF 'DOGS AS ALTERED BY 
ATiMOSPHIiRIC DECOMPRESSIOX 

GALE JI. KEYES' aku VJNCEN J’ C. KliLLEV 
From ihc Department of Internal Medicine Kesearch, School of A’eiation Medicine 


RANDOU’II itxak 

I N A previous publication (i) it was reported that unacclinialLed dop* c.viiihit 
a marked decrease in tolerance to glucose administered intra%‘cnmis!y during 
acute exposure to simulated altitudes. Work has continued in an attempt to 
elucidate the mechanisms responsible for this phenomenon. 

When attention is given to tiic f.ictors rcsponsil'ic for determining the c-tisting Moo:! giecojc 
level of an animal, the picture is seen to be octrcmcly complex. A great number of factors coasc irUo 
pl.ay as there is a continuous state of (lux among the grc.it iuimlK:r of s uV-itanccs of tltc rnet.alwL'c pool. 
There is constant interplay among not only subst.mccs labelleti carinhydratc internjcdl’.tcs, hut 
also with proteins and fats. The blood glucose level is <Ietermincd by the .sum total of all tise.sc re- 
actions which arc, in turn, influenced by many things; such as, concentration of the v.arious 
oxj'gcn tension, concentration of enaymes .and co-enzymes, and by hormones. The adana! htormones 
and insulin have a p.articailarly marled and immediate ctTcct. Considering the m.arl;cd aUeratioa of 
adrenal activity in the alarm reaction a.s proposed by .Sclyc (e), it appears th.at the three factors likely 
to c.xcrL the predominant cifecls in altering gluc»>sc tolerance at altitude arc a) the eiTcct of lav; oxygen 
tension upon the activity of the various enzymes and the equilibria of these enzymatic i\stem.s 
b) increased activity of the .synipathico-adrcnal system, and r) incrcrued adrenal cortical activity. 
Therefore, attack of the problem consisted of an attempt to evaluate the relative importance of 
tlicsc three factors upon glucose tolerance. 

The position of pyruvic acid and lactic add in anacroldc glycolysis as expressed by the Emldcn- 
^Icycrhof scheme has been well c.stablishcd. Further, the importance of pyruvic add situated at the 
crossroads, so to speak, of intermediary metabolism, .as an intermediary metabolite of carlajh.ydrate, 
fat and protein is recognized (S). Therefore, it was rc.asoned that additional information could be 
obtained from the determination of hlood lactic and pynivic add during the c-xperiments. 


METnOD.S 

The animals used in these experiments were 6 wcll-fed, well-trained Dalmatian 
coach hounds, 4 of which were litter mates. The dogs were loosely restrained in a 
supine position on animal boards. No anesthesia was used and blood samples were at 
first taken by external jugular vein puncture, but later by femora! arterial puncture. 
The dogs were fasted 12 hours prior to experiments. In all experiments conducted 
with the animals subjected to reduced pressure, a standard procedure was adhered 
to under which the dogs were restrained on animal boards in tlie low-pressure cham- 
ber and decompression to a simulated altitude of 24,000 feet was accomplished at a 
rate equivalent to an ascent of 2000 feet per minute. Within 5 minutes after the 
desired decompression was reached, the fasting blood samples were drawn. In order 
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to miiiiwize the acclimatization factor, an interval of at least one week was interposed 
between successive decompressions. 

For the intravenous glucose tolerance test, a test dose of 0.5 gm. of glucose/kg. 
of body weight was given. Blood samples were dravm immediately before the glucose 
was given, sometimes 15 minutes after injection, and in all cases at 30, 60, 120 and 
iSo minutes after injection of the glucose. All blood sugar determinations were made 
by the method of Horvath and Knehr (3). 

Blood lactic acid was determined by the method of Barker and Summerson (4) 
and the pyruvic acid by the method of Friedemann and Haugen (5). The precau- 
tions recommended by Friedemann and Haugen were carefully followed in the 
obtaining and subsequent handling of the blood samples. In the studies made in the 
low-pressure chamber, a portable ice container was provided so that syringes might 
be cold at time of use, and the precipitated samples kept refrigerated until they 
were analyzed. 

In the experiments in which adrenalin was given, it was administered by con- 
stant intravenous drip at a rate of 40 gamma per minute throughout the entire 
glucose tolerance test. 

RESULTS 

The experimental results obtained with regard to blood glucose, lactic acid 
and p}n-uvic acid levels, and the lactic acid-pyruvic acid relations under various 
conditions are shown in table i. The conditions under which the data were obtained 
are indicated in the table headings together with the experiment number. A standard 
glucose tolerance test was made a) at ground level (750 ft. above sea level), l>) at the 
equivalent of 24,000 ft. altitude, r) at ground level during a constant infusion of 
adrenalin, d) at ground level begun 15 minutes after cessation of 3 hours of a con- 
stant infusion of adrenalin, e) at the equivalent of 24,000 ft. altitude beginning 
one hour after the intraperitoneal injection of 2 cc/kg. of body weight of adrenal 
cortical extract, /) at ground level after the injection of the same amount of extract 
intraperitoneaUy, the last two receiving their cortical extract one hour before be- 
ginnmg the test, the first two beginning the test 15 minutes after, and the third 
immediately after the cortical extract was injected, and g) beginning immediately 
after a 3-hour exposure to simulated 24,000 feet. The remainder of the experiments 
were simulated tests where glucose was not injected to show the response of the 
animal, /;) to altitude (24,000 feet) alone, t) to a continuous infusion of adrenalin 
at ground level, J) to adrenal cortical extract alone at altitude (24,000 feet), and ife) 
Upjohn’s Adrenal Cortex Extract alone at ground level. 

Intravenous Glucose Studies. The response of the dogs to the stress of intra- 
venously administered glucose showed that {experiment i), during the ordinary 
glucose tolerance test, the 30-minute level of blood glucose was at least 55 fibove 
the baseline in all cases and that values had returned to the baseline by 3 hours. 
Lactic and pyruvic acid levels showed no significant change. 

The response to glucose {experiment 6 ), at altitude, in no case showed a 30- 
minute increment in blood glucose as high as the minimum increment for the test 
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rV 


0.82 


I.Z 3 

1.30 

1.04 

1.04 


18.3 


16.3 

16.7 

1S.4 

13.2 

venous) 

2V 


i.oS 


0.88 

1.03 

0.60 

0.64 


22.2 


19.9 

16.7 

20.0 

17.7 


dV 


0.74 


CO 

d 

O.S 2 

0.50 

0.66 
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26.3 

26.3 

34.0 

31.2 


4V 


0.9S 


0.80 

O.S 3 

0,48 

0.80 


13.3 


16.8 

36.6 

28.0 

23.2 

2. GTT with ACE (24,000 

zAE 

0.8S 

0.70 

Z.28 

1.23 

1.04 


0.90 

10.3 

13.7 

13.7 

13.8 

13.8 


8.1 

ft.) 

3AE 

0.5S 

0.70 

1.44 

1.74 

1.06 


0.78 

8.6 

8.6 

16.0 

12. 3 

IS.4 


10. 0 


4AE 

0.96 

0.84 

I.S 4 

I.S6 

2.j6 


1.90 

9.0 


18.0 

13.9 

13.4 


16.8 


sAV 

0.71 

0.87 

I.Z2 

1. 17 

2.j6 

3.11 

1.83 

19.2 

1S.2 

17.1 

19.1 

II. I 

6.6 

6.S 


SAV 

0.40 

o.So 

t.io 

I. 2 S 

I. 4 S 

1.97 

2.43 

16.S 

12.3 

17.4 

14.0 

9.2 

II. 3 

10.0 


4AU! 

O.S 3 

0.78 

X.X 3 

I.I9 

1.52 

2.36 

2.50 

19.6 

13.3 

20.3 

14.S 

9.2 

16.4 

14.2 

3. GTT with ACE 

jVE 

r.S 4 

I.OO 


0.94 

i.j6 

0.38 

1.30 

m 

11 


13.4 

9.0 

20.7 

24.6 

ground level 

aVE 

X.I 3 

Z.46 


0.94 

0.66 

0.70 

2.34 




14.3 

16.S 

18.6 

13.6 
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4. ACE alone at altitude 

JAE 

0.90 

0.70 


0.S4 



1.28 

6.7 

19.7 
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0.6S 

1.42 
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O.S 3 



■ 

s.s 

14. 0 


19.6 




5AU 








■ 








dAU 








■ 







6. Altitude GTT (24,000 

/V 

1.25 

1.29 


2.44 

3.48 

2.07 

2.47 

79.0 

31.6 


20.2 

32.6 

33.8 

30.1 

ft.) 

aV 


2.70 


3. $6 

3.84 

2.78 

2.74 


II. I 


2 I.X 

22.2 

24.0 

19.7 


JV 


3.60 


2.70 

2.34 

2.76 

3.46 


is.l 


12,6 
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22.9 

22,7 


4 V 


Z.IO 


Z.98 

2.48 

2,34 

3.58 


34.1 


24.9 

18.1 

38.6 

22.4 

7. GTT under adrenalin 

rV 


2.28 


3.88 

3. S 3 

4.80 

4.46 


31.6 


24.9 

21.6 

24'0 

20. 9 


aV 


1.44 


3.84 

4.88 

6.88 

4.42 


47.3 


23.8 

23.7 

11.2 

13.9 


JV 

0.62 

0.72 


1.44 

1.62 

I. S 3 

0.90 
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71.8 


46.0 

S 9 .S 

46.1 

67.S 


4 V 

o.s8 

I.S2 


2,30 

3.23 

2.22 

1.34 

136.0 

77.6 
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59.9 

S0.3 

42.7 


3A 

0.90 

2.06 

2,48 

2.84 

2.56 

2.84 

3.53 

S.o 

6.3 

7 .S 

4.9 

3.6 

S-I 

S.8 
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3.43 

3-94 

3.42 

3.63 

4.30 

4.18 

2.6 

3.4 

S .2 

6.2 

6.9 

6.7 

7.4 

8. GTT after adrenalin 
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0,72 

0.96 


0.72 

0.38 

0.86 
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1.86 
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rA 
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dA 

4.18 
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9.0 
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g. GTT after altitude 

3 V 


0.46 


0.70 

Z.04 

0.64 

1.36 

■ 

34.8 


31.0 

17.S 

16.9 

7.4 


4 V 


0.90 


0.78 

0.68 

0.38 

0.40 

■ 

32.2 


14. 1 

17.6 

21.4 

27.2 

10. Altitude alone (24,000 

rV 


1.80 


2.40 

2.74 

3.38 

2.86 

■ 

53. s 


S 8.7 
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43.0 

ft.) 

aV 
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1.78 

2.46 

2.36 

2.14 

■ 

39.3 


s6.o 

40.4 
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42.0 


3 V 


o.s8 


0.84 

1.44 

1.94 

2.06 

■ 
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38.8 
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3 S .0 
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1.76 

1.70 
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■ 
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3 S .0 
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0.70* 


■ 

16.2 


12.7 
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sA 


I.I6 


1.18 


0.74* 


■ 
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4.7 
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0.78 


1.00 
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■ 
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9 . 4 ‘ 
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■ 
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■ 
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■ 
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11. Adrenalin alone 
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1.20 
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1.60 
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12.1 
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0.68 
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0.66 

36.2 



21.3 

17.3 

23.0 
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jV 
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23.6 


4V 


1.46 


2.10 

1,20 

1.04 
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27.3 
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24.3 
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• V or A designates the sample being taken from the vein or the artery. U or E designates the adrenal cortical 
extract as being U — TJpjohn’s Adrenal Cortex Extract, or E — Eschatin (Parke, Davis and Company). ’ Dog received 
only part of glucose to be injected. > Cortical extract and glucose were injected at the same time in this animal 
* ij hr. after Bj. , 
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at ‘.’.round level. Kxrepl in ih"^\ vish a wry iift enrvc, tfie valu'-' "‘eri! 

never rt.nched and iwo aeuinlly had hryun to hy jae thiril Je-ntr, ‘Vnf: Ir-.c.tt': 

and pyruvic acid leveh wrrc elevaird .ahov'c fSioa- ai rtti-r.i'l Icvrl ihc 

test, Inn no ntore than with e:<}Sfwtsre to aUitude ahoie. 

When phicosc w.as ji'iven (/-xpr^rifui’n:; r) u'i’.h an infurton o: adrera-dira 
line wa;; elevated a variahle airumril and thtotud'iout the te-it llur ide-vd phtor-t r.a’-: 
m.aintained v.'en above .a normal Lwtirsst h.-vel. Tlo’ do-tj ht'-rjrsnh?;* th': *C' t r;ith the 
highest baseline blood ghieoss; valur' 'dunved the hra'U inerenieJit aft'-r adnuabtrath/n, 
thus indicating that the rvn;‘.I thrrih.oid pbyed some |e'rt. Uh'<^-A iactk an'! pyrsw'ic 
acids tcsided to be very high, in {.>oth arteii.d a.ne, vewe-u,'. .- tfnp.lv-. but vdicn arierial 
fciinpU'S wore used, the lactic aci'hpy.’-uvic a<, M rathci did tad rji.'sru;-" rnurh tlirough,- 
o\it the experiment. 

'rite rcsjionse ttt glucci.m Uxpa iv,n:.' a'), after :u£ of iolrenabn, sh.-j'vcd the 

30-minute incremctU to hf h.-ra-- than dv.ring an ordin my nbn o'C and 

the hafvlinc was tssually increayed. Rctu::. to the iasriine blood giucora valec w.-es 
npid, e,*^‘:enti.'dly witlisn one hour. Lactic acid vabaw'. v c.-e extremely icov,-'.* thet.nd 
of the cxpcrimtuvl as was the laciir atid-’jnTUvic aci] ratio. 

'I'hc response^ to glucose icxpnitK^n'. :) at .‘tiiitude. undvr the hiduvnceof .xdrerc'd 
corlicd extract, showrnl tiuit in the c.’.se of F.'dntur, the istiveted gvuco-c di?np- 
peared from the bloovdsireatn extremely rapidly (within Xy tninutes). With tin: Up* 
john’s e.xtracl, this was marhixi only in the case of dag y, widh.' dag a ofFrred. the only 
c.xamjilf that w.as less m.nrkcd. It should Iw note;! tlu* the Idwa'l Lctic .nnd pyruvic 
acid were verx' liigh at the one-hour level, which wa.s not tine cx-<x disting ?he ordln.ir}* 
glucose tolerance test. In general, all the l.>h>a>d I.nctic acid and pyf’uvic .acid levels 
were increased when ghtcos-e was injected or w!u;n the blood gUsco«c b-eyan to show 
a .secondary rise. A-ig j was interesiing in tlsat '.viih both extracts it citv.rcii Its blood 
of glucose extremely ntpidly with no «ecorui.ir.v rhx, but all ’.vith very higlj lactic 
and pyruvic acid levels. In all slogs, otj iwing truttsfer.md from ground level to alti- 
tude, there was relatively little change in blood gIuco.?e. 

1110 response to itijccied glucose at ground level under the intlucnec of excess 
adrenal cortical extract {esprriinri:! j) showed a low yominute inemment indicating 
rapid clearing of the blood of glucose. 'I'hc blotxl glucose wa.s tlum cither maint.ainrd 
or increased, .so at 3 hours ilu; level was .above a norm.a) orje in all ci-scs. In ti:c 2 dog? 
on wliich lactic and jiynivic acids were determined, there was increase of tlscsc at 
the 3-ljour levels. 

The response to injected glucose (e,vperm;e«/ p), after exposjirc to 3 Ijours at 
24,000 feet, was not markedly altered from that to glucose alone in two dogs .studied. 

Test Injected Glucose. Decompression to the equivalent of 24,000 feet 

{experiment jo) in only one case caused the blood glucose to go above a normal 
fasting level. All other cases, c.xcept one, exhibited blood glucose levels in the lower 
part of normal range immediately after the dccomprc.ssion. In all of these rases with 
relatively low blood glucose levels, the level gradually increased throughout the 
period of c.xposure while the two elevated ones decreased by 30-minutcs to a lower 


- Escliatin, an adrenal cortical extract, produced by Parke, Davis and Comjjany. 
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and more normal level. No conclusions could be made about the lactic and pyruvic 
acid values except that they were extremely variable. 

A constant infusion of adrenalin {experiment ii) maintained the blood glucose 
moderately above the baseline. Under adrenal cortical extract {experiment 4), de- 
compression caused very little change in blood glucose level. Upjohn’s Adrenal 
Cortex Extract {experiment 5) caused no rise in blood glucose level at the 15-minute 
period. In some cases, however, the i-hour level was moderately elevated. 

DISCUSSION 

The level of blood glucose at a given time in an animal is the sum total of a 
great number of factors which are so great that when the blood glucose level is 
changed, extreme care must be exercised to ascertain just what factors have been 
altered. One of these, decrease in oxygen tension, has been shown to be potent in 
bringing about changes in the level of blood glucose (6, 7). However, there is little 
agreement as to its effect (6, 7); some report increase in the blood glucose levels 
(6, 7), some show no change, whUe still others show hypoglycemia. In addition to 
simply taking blood glucose levels, a great deal of additional information may at 
times be obtained by subjecting the animal to the stress of a suddenly added amount 
of glucose to find how it is utilized. This previously was done during exposure to 
simulated high altitudes and reported (i), but this in itself did not offer much in 
explanation of the phenomena observed. 

In the reaction: 2 reduced DPN® -j- pyruvic acid?=i lactic acid -f 2 oxidized 
DPN, theoretically, the ratio of lactic acid to pyruvic acid wiU be determined by 
the ratio of reduced to oxidized DPN and therefore should reflect the level of oxygen 
in the tissues. This has been suggested by Friedemann and Haugen (9) who, under 
very carefully controlled conditions, did find small increases in humans in the lactic 
acid-pyruvic acid ratio at reduced atmospheric pressures. 

In our experiments on dogs, w^e found that the same degree of significance 
could not be attached to the lactic acid and pyruvic acid values because of difficulty 
in keepmg the animals quiet. This is brought out particularly when exposure to 
altitude alone {experiment 10) is studied. When venous samples were taken, there 
w^as extreme variation of both the lactic acid and pjuruvic acid and lactate-pyruvate 
ratios throughout the test period. When arterial samples were taken, the results 
were much less variable but even then did not show levels significantly different 
from those at ground level. 

At this point, it is interesting to note {experiment 7) the difference in results in 
taking venous or arterial samples when doing a glucose tolerance test and at the 
same time giving a constant infusion of adrenalin. Venous samples give extremely 
high and variable lactic acid and lactate-pyruvate ratios presumably because of the 
peripheral vasoconstriction and resultant stasis of the blood plus an increased gly- 
colysis in the muscle tissue drained. The arterial samples, on the other hand, show 
fairly constant values for the lactate-pyruvic ratio, and the actual levels of the lactic 
and pyruvic acid values are wffiat might be expected due to the added glucose and the 


® DiphosphopyridinenucMotide. 
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values but liave nrccptc<l f'ro!^s jn values obta.jnefi from afterbi e.-irnplrs. 

Subjcctsnj; aninwis acutely to redueed f>xypx'i ffT-.'iion Ivan l>~cn .‘-bivats toca'.F^ 
an increased {>roductiors of ruirc-naliu v.ith a rrsaltini.: increase :n sujtar (7]. 
'rhts cITect of adresuilij! occur? early; i.e.. vdshifs 55 ndrjutf' after adrenabn pro- 
duced or injected, ilowever, in our aitifude- ext'crintcnts a gradual decorr.nrc.o.'or. 
v.’as made to minimise the stisnidation of the syraiv-thico adrenil system and on 
considering nil studies at altitude, it b seldom rten that tramdrrrjnj:; the anim.tb from 
the higher to the lower presrure rau'^rd an irscrea'-e in the b'oeKl sugar, Tv.h b vera' 
much against tlm adrenal medulla playini: arty proniitsent, rede irs the gluco-e tolerance 
at nUitude. As can Int reers from the fasting vakrea, in rd! four cacr'- 'whf*rc the stand- 
ard glucose test was performed under dceom.prerodors (/spxnr’stn! A) the blo-yj giucof-e 
was not cIcaeiKMl greatly by the decom;>rrn".:on alone. 

Consider ncra- the rcmaisnng two ctjccts togrthtr; namely, the cfFvrt of bw 
oxygen tension on the van'otss cnr.ymes and the xtltxi of adrenal rortrral hr?rr:'.onc5, 
Jl has been sho'.en in an asroeiateti study (to) tliat adrenal cortical extract enhances 
glycogen formation from glucose. In fact, it can l>e rera from, cr/rr-mcr;: table j, 
that 0.5 gm. of glucose jkt kilogram of br^Iy wxu’ght b dearc<! Iron; the b!-».ki!ream 
within 15 minutes. This docs not rule out some smaller re<luctbn of the action of 
cnr.ymcs due to lowered oxygen tension, but it is evddent that .at ea.cco feet, the 
enaymes res[)onsible for glycogen formation from gluco'^e are rdde to function rapidly 
and hormonal control plays much the pre-dominant riil?. 

Furthermore, when Ujc* data are examined more cx’-rcfully, one 5<xs th.it the 
statement made in the previous pawr (i) that the glucose tolerance of an ar.smil 
during dccomiircssioti i.s reducctl is not the case. It will be noted that in no rase was 
tlic 30-minulc incrc.mcnt in blood glucose, after intravenoiiSiy injectc'd glucose, as 
high when the test was made at 2.5,0'CO feet .ns wl’tn it vans m.ide at ground level. 
This is also reported by Stickney, Xorthup and Van Lierc (si). In other words, 
early in the test the glucose wa.«: .nctually i.tken from the blood strc.ira more rapidly 
by the animal during hypo.xia than when the corresponding test was done at ground 


level. 

It has been shown that cxj)osurc to atmospheric dccomj)ression brings about 
•Stimulation of the adrenal glands evith increased production of adrenal cortical 
liormoncs (12). The effect of these hormones in bringing about gluconeogonesb from 
protein and fat Ls well known (8). As can be noted from r,vpcr:tna:i <, this glucone- 
ogenic effect is evident in some cases one hour after injecting adrenal cortical e.t- 
tract wliilc ma\-imum effect has been shown to occur about the fourth hour after 
injection (13). TJicreforc, the plausible explanation of the altered glucose tolerance 
test performed during atmospheric decompression is that increased amounts of 
cortical hormones arc produced by the adrenal cortc.x. This results in a more mpid 
uptake of glucose and formation of glycogen in the early stages of the test, but later 
gluconcogencsis from protein and fat cause the blood glucose to be raised and the 
increased level is prolonged. Tliis effect can be duplicated by giving adrenal cortical 
extract before a glucose tolerance test at ground level and the effects of altitude arc 
accentuated by giving the extract. It is conceivable that if the gluconeogenic effect 
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of adrenal cortical hormones (or extract) is somewhat delayed or not strikmg, that a 
very flat glucose tolerance curve could be obtained at altitude or after the injection 
of adrenal cortical extract. The data presented show that this occurred. One could 
go further and preduct a flat glucose tolerance curve would be obtained from a well- 
fed animal that had been acclimatised and kept at altitude for some time. This 
was observed by Forbes (14) in two human subjects. This could be, because after an 
animal is kept at altitude for some time, the gluconeogenic effect of adrenal cortical 
hormones is balanced and the blood glucose returns to more normal levels (12), 
However, the glycogenic effect is apparently still active and Medvedeva (15) has 
actually isolated a factor from adrenal cortical extract which has a glycogenic effect 
with no effect on protein catabolism. 

The blood glucose curve, after injected glucose at altitude or after injected 
adrenal cortical extract, varies from animal to animal depending upon individual 
variation in response to the glycogenic as opposed to the gluconeogenic effect of 
. products of the adrenal cortex. For example; dog j, in two tests done during atmos- 
pheric decompression after being given adrenal cortical extract, showed very little 
increase in his blood glucose level throughout the test even though markedly elevated 
lactic acid and pyruvic acid values indicated that gluconeogenesis was active. In 
this animal, apparently, the response to glycogenesis was more active in comparison 
to response to gluconeogenesis than was the case in the other animals observed. 
Should an animal be decompressed rapidly, excited, subjected to atmospheric de- 
compression far beyond its tolerance or in any other way stimulated so that there 
is an increased production of adrenalin, then one would expect the glucose tolerance 
curve to be maintained at a higher level. This is probably true of dog i in experiment 
6 , and also of one of the dogs in the previous paper (i). 

SUMMARY AND CONCLUSIONS 

The effect of adrenalin under various conditions was studied and indications 
are that stimulation of the sympathico-adrenal system plays only a minor role in 
most cases where a glucose tolerance test is performed on dogs at a simulated alti- 
tude of 24,000 feet. Apparently, there is sufficient oxygen at this altitude to allow 
functioning of the enzymes involved in glucose metabolism so that actually there is 
more rapid formation of glycogen than at ground level. The factor playing the pre- 
dominant role is an increased production from the adrenal cortex. Although there 
is delayed return of the blood glucose to the baseline level after injecting glucose at a 
simulated 24,000 feet, careful perusal of the data presented indicates there is actually 
an increose in glucose tolerance. The injected glucose is converted to glyfcogen early 
in the test more rapidly than at ground level and the high glucose levels thereafter 
are due to gluconeogenesis from fat and protein brought about by the increased 
production of hormones by the adrenal cortex. Adrenalin may play a minor role in 
certain cases where the blood glucose level is maintained at markedly increased 
levels. 
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ELECTROLYTIC RESISTANCE OF THE BLOOD CLOT 

HENRY H. HENSTELL 

From the Inslihite for Medical Research, Cedars of Lebanon Hospital 
LOS AMGELBS, CALIFORNIA 

T hree years ago investigations were undertaken to determine objectively 
the strength of clot retraction. For this purpose an insulated strain gauge 
was introduced into fluid blood anticipating that the force of clot retraction 
could be measured in terms of electrical resistance. A striking increase in ohms of 
resistance was observed, which, if due to the pressure of the retracting clot, would 
have indicated an impossibly large force of about 500 pounds per square inch. 

Further consideration of this result led us to the conclusion that we were measur- 
ing the electrolytic resistance of the blood clot. As a consequence, studies of this 
phenomenon were undertaken. Papers to be published will detail the data accumu- 
lated in the past three years of study. The present paper deals with the technique for 
and the principles involved in the measurement of the electrolytic resistance of the 
blood dot. 


lEETHOD 

Ten ml. of blood is withdrawn slowly from the antecubital vein into a syringe 
which had been coated with Dri-film No. 9987.^ A stop-watch is started when $ ml. 
of blood are in the syringe. One ml. of blood is placed in each of two 13-mm. diameter 
glass tubes for the Lee- White clotting time at 37.5° C. Then 1.2 ml. of the blood is 
placed into each of three silicone coated glass cells for the measurement of the dot 
resistance (37.5° C.). Platinum electrodes are inserted into the middle of the blood 
sample. 

The cells used to hold the blood are pyrex glass test tubes carefully selected for 
inside diameter within the limits of 0.447 and 0.450 inches. The test tubes are cut 
to an inside depth of approximately 1.050 inches. A cuff of plastic hugs the top of the 
cell securely (fig. i). The cells are prepared with three coatings of Dri-film No. 9987 
prior to each test. 

The electrodes are constructed of platinum wire (0.020 inches thick) in the form 
of a circle with a horizontal cross-bar. The diameter of the circle is 0.211 or 0.172 
inches (fig. i). They are mounted on silver rods which, in turn, are mounted in a 
plastic cap through two holes fitted with set-screws. In this manner the electrodes 
can be accurately adjusted for depth and lateral position within the middle of the 
i.2-ml. sample of blood. The electrode separation is 1.5 mm. The lead-in wires to 
the electrodes proper are first coated with one of the silicone resins (DC-804 or 
DC-996- and then with wax, if needed, for insulation. 

The electrodes are connected into an A.C. bridge which incorporates a recording 
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I'ip. I.rfI /ii Water Isuh contaiiiistjt ttu- I'tsKxt tri!>ait!i l.cf-White ttst'C^; trlephinie re- 
lay to which is cimncctcd a push-hutlna pane! tor na'c'^ •‘ck-ctioa of any cc!!; hrh'i;\' junc! nith 
liridge control knoh, hridrtc selector switch and scries resistance; rivortlini; tr-'hanornctcr. In th.c 
hackground is .a Cictieral Kadio decade ho\ which is aulf'tf.atically recotdc*! on the strip chart. 

over a 40-I0 .(S-hour jrcriotl, the ratio arm? of the hritloe arc ?ct at 5 ohm? ami 200 
ohms to give a full-scale range of between 150 ohm? ami 1800 ohm?. Hy mean? of a 
telephone relay 12 tests are rccortletl at one time. 'I'hc instrument used in our work lo 
date has been an oltl Lcctis and Northrup ‘pre-micromax’ rciUrsigncd to use a 50-ohm 
slide wire and an A. C. galvanttmeler, A slcji resistance is iitscrled in series with the 
blood sample in order to place the measured resistance at a convenient place on the 
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strip chart, which ser^^es the useful purpose of reducing the potential applied to the 
electrodes. 

The bridge supply voltage used is 0.5 volts at 60 cycles. Resistance measure- 
ments at 60 03^165 have been found to vary little from those at 1000 c}mles. However, 
it is essential to platinize the electrodes quite heavily in order to avoid polarization 
effects Vvdiich ma)'’ make the initial determinations slightly unstable. No effects of 
the applied potential as high as several volts have been detectable. 

Before the start of each experiment, the electrodes are plated with platinum 
black for 3 minutes and then tested in o.oin KCI to insure resistance values that are 
within 3 per cent or less of each other. 

The curt^e of resistance of the blood clot over a 40- to 48-hour period has been 
termed 'the electrolytic resistance curve’. 


CRITIQUE OF METHOD 


The term ‘electrolytic’ is used rather than electrical because the measurements 
are made in a conducting solution, the blood serum. The term ‘resistance’ is used, 
however, in preference to that of conductivity because what is measured is the 
resistance offered by the clotting and clotted blood to the passage of current through 
the serum. 

For the purposes of the studies herein reported, the electrodes w’ere first made 
0.211 inches in diameter. Two t5q)es of electrodes \vere studied, the first of sheet 
platinum but circular, the second of wire of the design illustrated in figure i. It was 
found that two factors were most important for the accurate determination of the 
clot resistance. These are: i) the relationship of the size of the electrodes to the 
volume of the blood clot and 2) the nature of the walls of the cell in which the blood 
is contained. Consequently, an analysis of these two factors is included in this paper. 


Relationship of the Size of the Electrodes to the Volume of the Blood, Clot 

This ratio is important because of the nature of the current flow between the 
electrodes and because the size of the blood clot varies in different dmical conditions. 

a) Current flow between the electrodes. Since the blood dot is a poor condudor 
and. after clot retraction, is surrounded by serum which is highly conducting, 
it is essential to consider the inevitable escape of current out of the dot mto the 
serum. This leakage of current has been obsen^ed to be a variable factor from b 0 

^Thtpathways over which current flows between the electrodes consist of two 
parallel circuits, an internal pathway between the mner faces of the electro e 
(resistance r), and an external pathway between the outer faces 
(resistance r'). These pathways of current flow are diagramed for plate electrod 

order to determine the resistance values of these pathos, experiments were 

perfonned with three types of circular plate electrodes “ 

1) with both faces of the electrodes electrically active, thus measuring the tota 
electrolytic resistance (fi); a) with their outer surfaces waxed, thus raeasurmg only 
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lifting the clcctrtxlcs with their clot out of the scrum. ,\f .^een in table r, the u’/crcasc 
in resistance in theiv value, llse ‘loss factor,' is of the orvle: of jkt cent to j t pc: cent 
and for r is of the order of 5 jicr cent to 6 percent, wltcrcas the increase in reshtance 
of the external pathway, r', varies from ?5 |>cr cent to 57 p.er cent. It is evident, 
tlicreforc, that a major lo,s.s in rcsi.stnnce occurs because of leakage of current through 
the scrum surrounding the blood clot. 


In an atlempl to reduce this factor, comparable studies were made uliliring grid 
electrodes. The grid structure allows the current to tlo‘.v around each evirc (tig- 3) 
which provides a much .shorter external i)athway. In tins case the doss factor’ for 
r' is of the order of 0 per cent to 15 per cent ns compared with the resistance loss 
factor of 26 per cent to 57 per cent for the plate electrodes (table 2). The changes in 
total measured resistance (i?) arc of tlic order of 7 per cent to 9 per cent as compared 
with 8 per cent to ii per cent for the plate electrodes where the total measured 
resistance (R) was 200 ohms or less. No tests were made with conventional square 
electrodes, as used in other studies, as it must be immediately apparent that the 
corners of square electrodes of the same surface area would project closer to the sur- 
face of tlie blood dot, and result in larger losses of resistance. Round plate electrodes, 
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coated on the backs, were not considered because it was found that they furnished 
a poor support for the blood clot and introduced an inactive surface which could 
precipitate clotting. 

In hundreds of routine determinations taken at various points along the course of 
the electrolytic resistance curve, the loss factor for R with grid electrodes was of the 
order of 6 per cent to g per cent when the resistance was approximately 400 ohms 
or less, and ii per cent to 13 per cent when the resistance was between 400 and 800 
ohms. (The clot volume was normal in both cases.) 

b) Ratio of ‘electrode size’ to blood sample volume and clot volume. The data in (a) 
hold only when resistance measurements are below 800 ohms and the volume of the 
blood clot is normal. Clearly, reduction of the clot volume surrounding the electrodes 
would bring the electrodes closer to the serum and increase the loss factor; whereas 
increasing the dot volume would have the opposite effect. As noted initially, the 


Table i. Coupaeative values of total resistance (R), internal resistance (r) and external 

RESISTANCE (r') FOR PLATE ELECTRODES OF DIAMETER 0.21 1 INCHES 


1 

TIME 

IN BLOOD CLOT , 

SALINE 

CONC. 

IN SALINE 

R 

r 

r' 

R 

r 

r' 

hr . 




% 




i 

150 

165 

48s 

0.9 

19 

21 

62 

r 

139 

140 

988 

0.09 

173 

196 

SS6 

2 

144 

145 

1768 

0,045 

339 

383 

1028 


148 


1365 

0.0275 

672 

759 

2088 

4 

ISO 


1393 





20 

193 


1445 





3 ° 

172 


84s 






blood sample volume is 1.2 ml. contained in a tube of inside diameter 0.447" fo 
0,450". The diameter of each electrode is 0.211". With a separation of r.5 mm., the 
maximum or diagonally measured distance between the two is 0.556 cm. The volume 
of a theoretical sphere of this diameter is 0.0899 cu. cm. The volume of the blood 
sample ‘sphere’ having the mean diameter (0.449 inches) is 0.776 cu. cm.® The ratio 
of the electrode ‘sphere’ to the blood sample ‘sphere’ (0.0899 cu. cm. to 0.776 cu. 
cm.) is I to 8.6. The percentage volume of dot on the electrodes (with as many red 
cells as it will retain) in normal blood and in a variety of diseases, was found to be 
46 per cent of the blood sample. Taking 50 per cent as an approximate figure, the 
ratio of the electrode ‘sphere’ to the clot ‘sphere’ is then approximately i to 4.3. 
For these ratios the error due to the ‘loss factor’ is, as indicated, of the order of 6 
per cent to 13 per cent when the total measured resistance is imder 800 ohms, using 
grid electrodes. 

In untreated polycythemia vera it has been found that, irrespective of the red 
cell count, the percentage clot volume shrinks to remarkably small values of from 

® The reason for taking the spherical volumes rather than the actual volumes of the blood and 
clot is that the current nill take the shortest radial path through the clot. 
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accompanied by a sharp increase in resistance loss. Also, the resistance loss is greater 
with the plate electrodes than with the grid electrodes although the difference is 
significant only in the higher resistance range. 

The efliciency of the electrodes appears to be measurable in yet another manner, 
namely, by comparing the specific resistances obtained with each type in the same 
(aliquot) blood sample. While the measured resistances will vary, the specific re- 


Table 3. Comparison or ‘loss factor’ and the electrode to clot volume 

RATIOS 


1 

j 

suBj. ; 


DIAM. = 

= 0 211'* 


elec./ 

CLOT 

R,ATXO 


DLAil. = 

= 0.172" 


ELEC./ 

CLOT 

RATIO 

Plate elec. 

Grid elec. 

Plate elec. 

Grid elec. 



Ohms 

% loss 

Ohms 

% loss 

Ohms 

% loss 

M.F. 




6.6 

1/5 -o 



269 

4.0 

1/9-3 

H.H. 

1 


393 

14.0 

1/4. 8 

528 


978 

1-5 

1/8.4 

F.T. 

i 


109 

7-4 

1/4.8 

172 

5-9 


5-9 

1/8.4 

J.B. 

1 


173 

II -5 

1/4-6 



298 

4-5 

1/8.6 

M.G. 



225 

9.2 

1/4.6 

374 

4-5 

473 

3-3 

1/7.9 

EM. 



250 

7.6 

1/4.6 



445 

5.6 

1/8.6 

TF.D, 



431 

6.0 

1/4.6 

472 

4.4 



1/8. 1 

C.T. 



229 

8.4 

1/4. 5 



265 

2.9 
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E.M. 
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W.D. 
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8.6 
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1/4.3 






C.TF. 

298 

12.6 
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6.8 

251 1 
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n'. 5 . 
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! 





D.K. 
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1/4.0 

1 
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6.3 
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9.8 
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10.3 
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11.7 
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585 

17-5 
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K.F. 



528 

5-2 

1/3-5 

1336 

8.6 

1942 

II -3 

1/6.2 

K.F. 


24.8 

781 

16.5 

1/2.8 

1304 

II. 9 
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32.1 
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15-7 
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10. 1 
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A.V. 



1 219 

6.4 

1/2.4 



220 

3-3 

1/4.5 

A.T. 


I 3 -I 

241 

23.8 

1/2.0 

461 

7-3 



1/3-5 

C.R. 





1/1.5 



800 

33-1 

I/I.5 

C.R. 


24.4 



i/i.i 



733 

23-5 

I/I.9 


sistances should be comparable. It will be noted in table 4 that generally the specific 
resistances for the smaller electrodes (both grid and plate) are greater than those for 
the larger electrodes. The specific resistances in the fluid, unclotted whole blood are 
comparable for all electrodes. 

When the specific resistances obtained with the small grid electrodes are plotted 
against those for the large grid electrodes, the cun’-e yields values that for the small 
grid are 50 per cent greater than those for the large grid. In like manner the curve for 
the small plate resistances against those of the large grid electrodes yields values for 
the plate electrodes that are 20 per cent greater. It seems reasonable to conclude, 
therefore, that the ratio of the size of the electrodes to that of the blood sample is of 
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of the dot 1ms formed and then be reintroducetl, tite dot resistance vdii level oh at 
tliat point and rise no farther. Tlie initial dot whidi dings to the electrodes is sur- 
rounded by a second dot that can be pealed off like the layers of an onion. However, 
after a dot has formed covering the electrodes, the blood may be inverted gently 
without disturbing the subsequent dot formation or the dot resistaitcc rise. In addi- 
tion, the redistribution of red cells so induced does not seem to change tiic dot re- 
sistance even where the sedimentation rate is sufikient to settle the red cdls prior 
to complete dot formation. 

When tlie cell wall, irrespective of the material of which it is made, is roughened 



September ig^g 


ELECTROLYTIC RESISTANCE OF BLOOD CLOT 


375 


so as to induce adhesion of the clot to it, a marked reduction in clot resistance fre- 
quently occurs. Conversely, coating of the pyrex blood cell with Dri-film no. 9987, 
which is highly water repellant, results in a 15 per cent greater dot resistance than in 
the untreated glass cell (18 experiments, 54 tests). The results with the untreated 
cells were often erratic and in some cases the dot adhered to the cell walls. In compara- 
tive studies when the cells were made of roughened Incite, Incite coated with DC-200 
fluid or Dri-film no. 9987, and glass coated with Dri-film no. 9987, the results in the 
glass Dri-fihn coated cells were almost always higher and more consistent (table 5). 
In addition to the above, some tests were also made of DC-802 resin, DC-99S varnish 
and DC-1107 on pyrex glass. These also yielded lower results and had the added 
disadvantage, even though they gave a permanent coat, of being easily scratched, 
in routine tests the Dri-fihn is wiped on, washed thoroughly, and then wiped dry 
and polished. This procedure is repeated three times prior to each test. 

In order to determine the accuracy of the method, multiple tests were run on 
the same blood sample and on the same individual at different times. Measurements 


TABin 5. Effect of vaeious cell surfaces on electrolytic resistance of the clot 


TEST 

1 

LtraXE HOUGH 

1 

LUaTE t)C *200 

LUCTTE DEI-riLil 

GLASS DHI-FIL 3 I 

I 


136 

192 


2 

I2S 


191 

221 

3 

222 



338 

4 



330 

348 

5 
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448 


were taken at the maximum clot resistance from which the initial resistance of the 
fluid unclotted blood was subtracted. All tests were performed in triplicate. The de- 
viations of the three individual measurements from the mean of the three was then 
taken. From the deviations so obtained in a large number of tests, the standard 
deviation (S.D.) was calculated. 

In 128 tests in which the mean clot resistances were between 150 and 350 ohms, 
the S.D. so calculated was ± 18.5 ohms. In the higher resistance range, between 
500 and 900 ohms, the S.D. was ± 54 ohms (46 tests). The error is greater in the 
higher range for reasons given. This increase in error with an increase of the clot re- 
sistance is, however, always negative, as is the loss factor upon which it presumably 
depends, so that the validity of any interpretations based upon an increase in re- 
sistance above normal is not impaired. 

A comparison of repeated tests performed upon the same individual (normal 
and otherwise) performed at intervals, but while the physiological status of the sub- 
ject appeared to be stable yielded data of the same order of magnitude as the agree- 
ment between triplicate determinations on the single sample of blood (table 6). 

DISCUSSION 

✓ 

The technique for the determination of the electrolytic resistance of the blood clot 
must take into consideration certain circumstances under which the resistance is 
measured. These circumstances are: a) a relatively low conducting blood clot whose 
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ratio I to 8.6 showed appreciably greater losses over those of the small electrodes of 
ratio I to 1$. The losses, also, were greater with the plate electrodes than with the 
grid electrodes. 

Also of great importance is the fact that the loss of resistance is not a constant 
factor, but increases as the measured resistance increases. This phenomenon is de- 
pendent upon the law of parallel circuits, as expressed in the formula, R = r ■ r' jr 
+ r', and on the fact that the amount of clot ‘shielding’ the electrodes from the serum 
decreases in certain instances as the clot resistance mcreases. In polycythemia vera 
the percentage clot volume becomes extraordinarily small, 12 per cent to 25 per cent 
as compared with the normal percentage clot volume of 46 per cent. Under these 
circrunstances the ratio of the electrode to clot volume drops below i to 3, when the 
electrode to blood sample volume is i to 8.6, and large losses in resistance are en- 
countered. When the electrodes are of ratio i to 15, the losses are reduced propor- 
tionately. Fortunately, these reductions in clot volume have been found almost 
exclusively in polycythemia vera where extremely high clot resistances are also 
encountered. Consequently, since the loss factor is larger only when the resistance 
measurements are greater the essential validity of the data is not impaired. 

In addition, comparison of the specific resistances obtained with the above 
electrodes showed that the specific resistances are greater with the grid electrodes 
and when the amount of clot is large, i.e. at the ratio of i to 15. These variations m 
specific resistances also indicate that the ‘loss factor’ is reduced with grid electrodes 
and when the larger amount of clot surrounds the electrodes. Hence, it is clear that 
the ratio of the electrode volume to that of the blood sample should be at least as 
large as i to 8.6, and that grid electrodes are probably preferable to plate electrodes. 

The above data also indicate that the specific resistance cannot be accurately 
calculated by the conventional formula applicable to solutions of homogeneous 
makeup, especially in polycythemia vera. 

In recent studies (i) of the ‘electrical resistance’ of the blood clot, the authors 
use square electrodes of | sq. cm. in area, spaced 5.0 mm. apart in a blood volume of 

1.5 ml. having a diameter of 12 mm. Appl)dng the calculations used in our study, 
the ratio of their electrode volume to that of the blood sample volume is between 
I to 5 and I to 2.27 and the ratio of electrode to blood clot volume is between i to 

2.5 and I to 0.64 or less. At these ratios large losses of resistance are unavoidable. 
In addition, the authors present their figures in terms of specific resistance. More- 
over, tliey determine the resistance for periods of less than an hour, so that the clot 
resistance (at the maximum of the electrolytic resistance curve) was not deter- 
mined. The specific resistance of the normal fluid blood in both their studies and 
ours are of the same order. 

The accurate determination of the electrolytic resistance of the blood clot is 
also dependent upon the orderl}’’ and uninliibited retraction of the dotting blood. 
Experiments in which clot retraction is interfered with all show a reduction in the 
measured dot resistance. Roughening of the walls of the cell, thereby increasing 
adhesion of the blood to tlie cell walls, causes a variable and significant lowering of 
the clot resistance. This factor is enhanced when plate electrodes are used in place 
of grid electrodes. 
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I N THE previous paper a technique for the determination of the electrolytic 
resistance of the blood clot was presented (i). The present paper deals with the 
variations in the electrolytic resistance of the blood clot over a 40- to 48-hour 
period, and with the ph3'siological significance of certain measurements of the re- 
sistance. The curve of the resistance against time will be called the electrolytic re- 
sistance curve (E.R.C.). 


PROCEDtmE AND RESULTS 

Electrolytic Resistance Curve {Fig. z). Phase i. The initial rise in resistance above 
the baseline resistance of the fluid blood is associated with the initial precipitation of 
fibrin about the electrodes. The elapsed time between the taking of the blood and 
Jthis point is called the resistance clotting time. 

Phase 2. There follows a rapid rise in resistance over one to two hours. This is 
the primary rise. 

Phase 3. Under certain conditions, a sharp break in the primary rise may be 
induced. This point indicates the onset of clot retraction. It is called the primary 
peak. 

Phase 4. Subsequent to the primary rise there is a secondary slower rise in 
resistance which may reach its maximum at any time within 20 hours. The maximum 
resistance measured minus the fluid blood resistance is the clot resistance. 

Ph.ase 5. During the final 20- to 24-hour period a rapid fall in resistance usually 
occurs. 

The aspects of the curve which appear to have the greatest significance are the 
resistance clotting time, the clot resistance and the primary peak. 

As noted (i), since the specific resistances cannot be calculated, the experimental 
conditions under which the resistance measurements have been made must be stated. 
These are: i) electrodes constructed of wire 0.020 inches thick, circular in shape of 
diameter 0.211 inches, with a horizontal cross-bar; 2) electrode separation of 1.5 
millimeters; 3) blood sample cell of pyrex glass with an inside diameter between 
0.447 and 0.450 inches, coated with Dri-film no. 99^7- 

Resistance Clotting Time {R.C.T.). The initial onset of the rise in resistance above 
the base-line resistance of the undotted whole blood has been termed the resistance 
clotting time (R.C.T.), At this time the electrodes are coated with fine strands of 
fibrin whereas the surrounding blood is still fluid. As the resistance rises a clot grows 
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ception of dotting, was 80.8 ± 7.0 ohms. In 21 normal females the fluid blood re- 
sistance was 67.1 ± 4.8 (table i). The P.E. of the difference between the two means 
is 1.249. The difference between the means is considerably greater than four times 
the P.E. so that the two means are significantly different. Since the fluid blood is a 
homogeneous medium the specific resistances ma}’- be calculated.^ 

Cl of Rcsisiance. From the maximum measured resistance the resistance of 
the fluid blood is subtracted to obtain the clot resistance (fig. i). Considerable 
thought was given the question whether to record the total measured resistance or 
the dot resistance. In some instances no increase in resistance above that of the fluid 
blood is obsen^ed. In thrombocytopenic purpura, the clot resistance is extremely 
small. Following splenectomy the clot resistance increases but the fluid blood re- 
sistance remains unchanged. The fluid blood resistance and the dot resistance do 
not appear to have any direct relationship. It would appear, therefore, that the proc- 
esses responsible for the clot resistance are superimposed upon those of the fluid 
blood resistance and are, to a greater or lesser degree, independent of them. Hence, 
it would seem that the clot resistance more accurately mirrors the behavior of the 
clot than does the total resistance. 

In the normal human a marked difference in the dot resistance is observed 
between adult white males and females. In 21 presumably normal males between 
the ages of 23 and 56 years the mean clot resistance was 31 1 ± 44.4 ohms.® In 
21 normal white females between the ages of 22 and 50 years the mean clot re- 
sistance was 179 zt 33.5 ohms. All these had normal menstrual periods with the 
e.\'ception of 2 (ages 44 and 50) who had passed their menopause and one (age 39) 
who liad Iiad a hysterectomy 8 ^mars previously. In 2 female subjects the clot re- 
sistance was determined at weekly intervals over a 6- to 8-week period and in a third 
at 2-week intervals. There was no detectable variation in the clot resistance with the 
menstrual C3mle as there was none in the R.C.T. The percentage clot volume in the 
male was 46.1 per cent and in the female, 45.7 per cent, averaging 45.9 per cent (table 
i). This clot volume is of interest since the clot resistance is so different. 

Considerable differences in resistance have also been found to exist in various 
clinical disease states. In table 2 are listed a range of unselected clot resistances and 
other hematological data. At first glance there would appear to be no significant 
correlation between either the red cell count, the platelet count, the white cell count 
or the percentage clot volume and the clot resistance. The highest resistances are 
associated with the highest red cell counts because, as will be noted later, these occur 
in polycythemia vera. 

Of major interest is the possible existence of a relationship between the clot re- 
sistance and the concentration of platelets. From table 2 there would appear to be 
little relationship between these two phenomena. Of particular note are the low re- 
sistances of 115, 13^? ^95 nnd 197 ohms in association with platelet counts over 
1,200,000. 

However, in view of the fact that the behavior of the clotting mechanism, and 

1 Specific resistance = Measured resistance/K. K = 0.001754 x resistance of electrodes in 
o.oiN KCl at 37° C. == 0.344. 

- All ± figures indicate standard deviations. 
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The mean percentage clot volume was 67.5 as compared with 46 in the normal. 
These obser\>’ations indicate that the degree and strength of clot retraction has an 
important bearing on the clot resistance. Further studies of this nature will be re- 
ported later. 

The Primary Peak, aMeastireof theOnscl of Clot Retraction. Early in the studies it 
was noted that a plateau or peak followed by a dip sometimes occurred, terminating 
the primary rise. This dip was of inconstant occurrence and proportions. Further 


Table 2. Clot resistakce and the formed blood elements 
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Study indicated that this was due to adventitious adhesion of the blood to the cell 
walls and consequent failure of the clot to retract normally around the electrodes. 
This peak, the primary peak (fig, i), may be induced by causing adhesion of the 
blood clot to the cell walls and, hence, retraction of the clot away from the electrodes. 
This may be brought about by roughening the walls of the cells, by placing a fine 
screen around the inner walls of the cell or by similar treatment. 

The primary peak may also be induced by placing the electrodes in contact with 
the walls of the cell. In this manner the retraction of the clot from the cell walls 
promptly exposes the electrodes to the highly conducting serum, Siliconing above 
the electrodes reduces the adhesion of the clot to them and interferes with the elec- 
trolytic conductivity only slightly. 

Under both sets of conditions the dot resistance rises in characteristic manner 
until the primary peak is reached at which time it drops sharply, ^^^len the primary 
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peak is induced by roughening of the celi wails the E.R.C., depending on the strength 
of dot retraction, will often resume its upward trend. \Mien the decirodes are placed 
at the cell wails tlie resistance continues downward until it approaches that of the 
serum with which the electrodes are in contact. The primary peak occurs before dot 
retraction is obseiaad dsually and never following it. 

The appearance of the primarv- peak, when caused b\' adhesion of the blood dot 
to the cell walls, is rdated to tlie dot resistance. ^‘iTien the measured dot resistance 
is high in the neighborhood of 700 to Sco ohms, the primar}^ peak occurs mfrequently. 
When tile dot resistance is in a middle range of about 300 to 500 ohms, the primary- 
peak occurs fairly frequently: whereas in a lower range of resistance, belon- 300 ohms, 
the peak is almost always present. This is further eddence rdating the dot resistance 
to tlie strength of dot retraction. While only a limited number of tests have as yet 
been performed with the second technique, it is likely that it will more consistently 


Table 3. Clot eesistaxce .vxd clot voLVirE ix rOLYCYrnEiUA vee.\ 
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yield a primary peak. Since the primary peak is produced either by the adhesion of 
the dot to tlie cell walls with the first method or by the retraction of the dot away 
from the cell walls with the second method, it is probable tiiat the primary peak is 
related to dot retraction and is an index of the onset of dot retraction. 

The time of appearance of the primary peak with the first method was between 
29 and 33 minutes after taking the blood. With the second metliod the primary peak 
occurred between 2~ and 35 minutes after taking tiie blood. These observations are 
consistent with the ^■i5ualh' observed dot retraction time of approximately 50 
minutes. The peak is delectable within one minute, but the reliability of the tech- 
nique has yet to beestablislied. When the R.C.T. is subtracted from tiie primary peak 
time it is seen that clot retraction commences 10 to 23 minutes after the onset of 
fibrin formation. 

The above data, although tentative, are suffident to indicate that the priman* 
peak is probably capable of yielding an objective and accurate measure of the onset 
of dot retraction. 


DISCtrSSION 

The curve of resistance offered by the whole blood dot to the passage of current 
between platinum electrodes buried in its substance has a distinctive pattern over a 
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penod of 40 to 48 hours. This curve, named the electrolytic resistance curve 
(E.R.C.), has certain characteristics which are of physiological significance. 

The initial point of interest is the resistance clotting time (R.C.T.) which marks 
the time of onset of the rise in the E.R.C. It is associated with the initial precipita- 
tion of minute strands of fibrin upon the electrodes. Therefore, the R.C.T. would 
seem to determine the onset of clot formation. This is to be distinguished from those 
methods, such as the Lee- White, which determine the time required for a given 
volume of blood to clot solidly. In the light of tlie studies on the rate of prothrombin 
conversion and, hence, on the rate of fibrin formation, it would seen that the R.C.T., 
whicli measures the onset of fibrin formation, has a more specific physiological sig- 
nificance than those methods which measure clotting en masse. 

Both the sj’ringe with which the blood is obtained and the glass cell in which 
the blood is placed are coated with Dri-film no. 9987. This practice permits the main- 
tenance of the fluidity of the blood for exceptionally long periods of time. The plati- 
num electrodes introduced into the blood function as a reproducible stimulus to 
precipitate clotting; and tlie recording galvanometer furnishes an objective and 
higlily precise indicator of the moment when the resistance starts to increase. Hence, 
the teclinique would seem to offer the most nearly ideal conditions available for the 
determination of a clotting time. It suffers from one serious defect, namely, that when 
there is no increase in resistance there is no R.C.T. 

In the normal white male the R.C.T, is 10.3 ±1.0 minutes; in the normal white 
female the R.C.T. is 9.5 rt .94 minutes. There is no statistically significant difference 
between these two times and the mean normal R.C.T. is 9.9 minutes. A statistically 
significant correlation appears to exist between the R.C.T. and the Lee- White clot- 
ting time. 

During the first hour or two the resistance rises rapidly in what is termed the 
primary rise. In the following 20 hours there may be a smaller secondary rise during 
which the E. R. C. reaches its maximum and begins to decline. The maximum resist- 
ance measured from the resistance of the fluid blood as a baseline (i.e. from which 
the resistance of the fluid blood is subtracted) is named tire clot resistance. The clot 
resistance itself does not appear to be related to the fluid blood resistance in any 
significant manner. 

It is notable that the clot resistance in the normal white male and female is 
strikingly different, 31 1 and 179 ohms respectively. Thus the male clot resistance is 
74 per cent greater than that of the female. 

There are two conditions in which marked changes in the clot resistance are 
accompanied by changes in the percentage dot volume. In polycythemia vera the 
clot resistance is very large and the dot volume is extremely small. This is a constant 
and striking finding in this disease and the conclusion is inescapable that both the 
dot volume and the clot resistance are indications of a markedly increased strength 
of dot retraction. 

On the other hand, in thrombocytopenic purpura a sharp reduction in clot re- 
sistance is paralleled by a large percentage clot volume, whidi is indicative of a poor 
clot retraction. Following splenectomy, the dot resistance and the dot volume both 
return to normal as the platelet count rises. 
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These observations suggest that the dot resistance is intimately related to the 
clot retractile function of the platelets. In the range of resistance below 300 ohms, a 
statistical^ significant correlation exists between the clot resistance and the plate- 
let count. Unfortunately, sufficient data are not yet available in the higher ranges of 
resistance. 

Since clot retraction functions in the production of the dot resistance advantage 
may be taken of this to measure the onset of clot retraction. By roughening the walls 
of the cell containing tlie blood so as to cause adhesion of the clot it is possible to 
interfere with the contraction of the clot about tlie electrodes. By placing the elec- 
trodes in contact with the walls of the ccU clot retraction c.xposes the electrodes to 
the highly conductive serum. Both procedures will cause a sharply defined peak — 
the primary peak — of the clot resistance, which is a measure of the onset of clot re- 
traction. In preliminar)'^ obsen,'ations the onset of clot retraction occurred between 
27 and 35 minutes after tlie taking of the blood and 19 to 23 minutes after the onset 
of clot formation (after the R.C.T.). 

Thus the measurement of the clot resistance, which in its entirety is called the 
electrolytic resistance curve, yields three types of information whidi seem to have 
physiological significance; the resistance dotting time, an objective registration of the 
initial onset of fibrin precipitation in whole blood, the clot resistance which is strik- 
ingly different in the two sexes and is in part a consequence of clot retractile force, 
and the primary peak whidi may make possible the objective measurement of the 
onset of dot retraction. 


SUMMARY AND CONCLUSIONS 

The electrolytic resistance curve of the blood dot is the curve of resistance in 
ohms over a 40- to 48-hour period. The resistance dotting time, the onset of the rise 
in resistance, is associated with the initial precipitation of fibrin on the electrodes. 
It is, therefore, a measure of the onset of dot formation. The normal time in the 
adult human is 9.9 minutes. 

The dot resistance is the maximum resistance of the electrolytic resistance curve 
measured from the resistance of the fluid blood as a base-line. It appears to be related 
to the strength of clot retraction in polycytliemia vera and in thrombocytopenic 
purpura. In polycythemia vera a high clot resistance is found in association with a 
small percentage dot volume. This is apparently due to a greater strength of dot 
retraction. In thrombocytopenic purpura the reverse is true. The normal clot re- 
sistance is 31 1 ohms in the adult white male and 179 ohms in the adult white female. 
A statistically significant correlation exists between the dot resistance and the 
platelet count when the clot resistance was 300 ohms or lower. 

The onset of clot retraction is measured by the primary peak which occurs, in 
preliminary studies, between 27 and 35 minutes after the blood is taken and 19 to 
23 minutes after tire onset of clot formation. 
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FIBRm, A FACTOR INFLUENCING THE CONSUMPTION OF 
PROTHROMBIN IN COAGULATION^ 

ARJilAND J. QUICK and JEAN E. FAVRE-GILLYs 
From the Depart mnt oj Biochemistry, Marqudlc University School of Medicine 

SULWADKEE, WSCONSIN 

T he prothrombin consumption test as originally described (i) determines 
the prothrombin activity remaining in serum one hour after coagulation. 
By means of this test. Quick established that little prothrombin activity is 
lost when either platelet-poor plasma or hemophilic blood clots. These results are 
satisfactorily explained by postulating that in hemophilia a marked deficiency of 
thromboplastinogen exists so that only a small amount of prothrombin can be con- 
verted to thrombin, while in thrombocytopenia, the platelet enzyme which is re- 
quired for the activation of thromboplastinogen to thromboplastin is lacking; there- 
fore little thromboplastin can become a^^ilable and consequently little prothrombin 
is consumed. Quick, Shanberge and Stefanini (2) have shown that the speed of pro- 
tlirombin consumption increases proportionately to progressive increments of plate- 
lets, but that the final amount of prothrombin converted approaches a constant. 
These findings are in accord with the concept that the platelet factor is an enzyme. 

Since the prothrombin consumption test offers to become an important clinical 
test, further study was undertaken especially to find why at times erratic results 
were obtained. In the course of this investigation, an observation was made which 
promises to provide a new insight into the mechanism of tlirombosis and hemostasis. 
It was found that fibrin is probably the primary agent responsible for the contin- 
uous removal of thrombin in the early stage of coagulation thereby blocking and 
delaying the basic chain reaction which is mediated through the labilizing action of 
thrombin on the platelets. 


EXPERIMENTAL 

The same reagents that are employed in the original one-stage method for deter- 
mining protlirombin are required (3). 

Tricalcium Phosphate-treated Plasma {Calcium Phosphate Plasma). In the deter- 
mination of prothrombin in serum, fibrinogen must be supplied. This is most easily 
accomplished by means of oxalated plasma from which component A has been re- 
moved by means of tricalcium phosphate. This adsorbant was first introduced by 
Bordet and Delange (4) who concluded that it removed proserozyme, and yielded 
a plasma which was essentially a solution of fibrinogen. Nolf (5) in 1945 presented 
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experiments which showed that prothrombin (seroz>Tne) consisted of two substances, 
thrombozyme which is adsorbed by tricalcium phosphate and thrombogene which 
is not removed by this agent. Whether thrombogene is identical with the labile 
factor remains undetermined, but for practical purposes it suffices to state that tri- 
calcium phosphate-treated plasma serves as a satisfactory agent in the determination 
of the residual prothrombin activity of serum. 

The procedure is as follows: A measured volume of a suspension of 0.08 M tri- 
calcium phosphate’ is transferred to a test tube, 1 cc. for every cc. of oxalated plasma 
to be treated. The tube is centrifuged to pack the gelatinous calcium phosphates 
and the water is poured off. The required volume of human oxalated plasma is 
added and the mixture thoroughly and repeatedly stirred with a small glass rod. 
After 5 minutes at room temperature, the tricalcium phosphate is removed by centrif- 
ugation. The treated plasma lacks the essential prothrombin factors and therefore 
fails to clot after the addition of calcium chloride and thromboplastin. 

Dclermiimlion of Prolhrombht A clivity in Scrum. To a mixture of o.i cc. of calcium 
phosphate plasma, o.i cc. of thromboplastin and o.i cc. of 0.02 M calcium chloride 
is added 0.1 cc. of serum by blowing from a serological pipette. The time required 
for the formation of a clot is accurately determined with a stop watch. It is to be 
emphasized that the serum must be added last. The general technique is the same 
as that of the prothrombin time test. The test is carried out in a water bath at 37° 
C. The detection of the incipient clot is best accomplished by gently tilting the test 
tube while holding it towards a distant source of light and observing it from under- 
neath. All tests should be carried out in clean pyrex test tubes (13 x 100 mm.). 

When it was discovered that the separation of serum from the clot influenced 
the prothrombin consumption, a standard technique was devised. The test tube con- 
taining the clotted blood was put in an International Clinical centrifuge and spun 
at full speed for exactly one minute. An additional half minute was taken to stop 
the centrifuge. The serum was immediately analyzed for prothrombin acthdty, i.e. 
exactly one and one-half minutes after the beginning of centrifugation. 

It was realized early in the development of the prothrombin consumption test 
that it lacked the high degree of accuracy of the prothrombin time of oxalated plasma 
since serum contains varying amounts of tlirombin in addition to unconverted pro- 
thrombin which becomes activated during the prothrombin time test. In the begin- 
ning of this study, no means were available to evaluate quantitatively the additive 
effect of thrombin on the prothrombin time. It was for this reason that in the original 
test, the prothrombin was determined only after the blood had been coagulated one 
hour since in that period it was assumed that all the formed thrombin would be re- 
moved by inactivation through the natural antitlurombin, albumin-X (6). 

Later it was found that more significant results were obtained if a series of 
clotted specimens of blood were analyzed for protlirombin after varying periods of 

^ The tricalciuni phosphate is prepared by slowly adding with vigorous stirring 66.6 gm. of 
anhydrous calcium chloride dissolved in i liter of distilled water to an equal volume of trisodium 
phosphate containing 158 gm. of the anhydrous salt. After adjusting tlie pn. to 7.0, the precipitate is 
repeatedly washed by decantation until only a slight trace of sodium cliloride remains. The suspension 
is diluted to 2 liters with distilled water, making it o.iM. From this stock suspension, a o.ooSm 
preparation is made by diluting 8 cc. vdth 96 cc. of distilled water. 
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time. Specifically, four test tubes each containing 2 cc. of freshly drawn blood were 
placed in a water bath at 370 C. For normal blood the coagulation time was arbi- 
trarily taken as 10 minutes, which is roughly the time required for 2 cc. of blood to 
clot at 37° C. At the end of exactly 15 minutes after coagulation, i.e. 25 minutes 
after the tube was placed in the w'ater bath, the first test tube was centrifuged for 
one minute and the protlirombin determined immediately and after 15, 30 and 45 
minutes. After 30 minutes the second tube was centrifuged and the prothrombin 
time determined immediately and after 15 and 30 minutes. At the end of 45 and 60 
minutes after coagulation, tubes 3 and 4 respectively were centrifuged and the pro- 
tlirorabin determined. 

Uncorrccled Prolhrumhin Time in CloUed Blood. In table \A the results on nor- 
mal subjects are presented by selecting the findings of one typical subject and also 
a composite of results obtained on 20 healthy medical students. It will be obseiwed 
that in normal individuals the prothrombin time of the serum of the first tube im- 
mediately following centrifugation averaged 8 seconds, but it lost prothrombin 
activity rapidly on standing. Even in the remaining tubes, the protlurombin activity 
of the serum immediately after centrifugation was always relatively high, but fell 
quickl}’- as soon as the serum and clot w'ere separated from intimate contact wdth 
each other. 

In hemophilic blood the prothrombin time of the serum of all the tubes remained 
constant and centrifugation apparently had no effect, but curiously the protlirorabin 
time of the serum was found to be invariably shorter than that of the oxalated 
plasma. In thrombocytopenia the prothrombin time of serum obtained after the 
blood had been completely coagulated and allowed to remain in the water bath for 
standard periods of 15, 30, 45 and 60 minutes, is, as in hemophilia, actually shorter 
than the 12 seconds of the o.xalated plasma. Thrombocytopenic serums tend to show 
a gradual loss of prothrombin activity on standing. 

It became increasingly more obvious as the study progressed that the speed of 
prothrombin consumption w'as strikingly affected by the separation of the serum 
from the clot w'hether brought about mechanically by centrifugation or spontaneously 
by clot retraction. To test whether exposure of serum might be the explanation, a 
comparison was made of the prothrombin consumption in a specimen of blood cov- 
ered with paraffin oil with one exposed to air. The results in table iB clearly show 
that such exposure has no effect on the rate or extent of prothrombin conversion. 

Efect of the Intact Unretractcd Clot on the Prothrombin Consumption Test. The 
evidence pointed clearly to the unretracted clot itself as the factor responsible for 
the delayed activation of prothrombin. Since Hirschboeck (7) had showm that no 
clot retraction occurs in collodion-coated vessels, the prothrombin consumption of 
blood coagulated in collodion-coated test tubes was studied. Surprising results were 
obtained. From a typical experiment presented in table 2, it can be seen that native 
platelet-rich plasma (obtained by the use of silicone-coated glassware) which clotted 
in 27 minutes showed no prothrombin consumption even after one hour following 
the formation of a solid clot. The serum was obtained by mechanically compressing 
the clot and therefore no time was lost in getting the first specimen of serum for 
analysis. Quickly following the expression of serum, a marked decrease of the pro- 
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thrombin time occurred which reached its nadir in 3^ minutes and then rapidly in- 
creased. These findings have a simple explanation. Immediately on freeing the serum 
from the clot a sudden formation of thrombin occurred, which caused the shortening 
of the prothrombin time, but soon the consumption of prothrombin had progressed to 


Table i. Effects of centeffuging and of exposure to air on PROTimoiiBiN coNsuMPno.v 

TIME IN CLOTTED BLOOD 




PKOTHEOMBIN TIME (UKCORHECTED) OF SERtlt IN SECONDS 


TODE 

Time after formation of solid dot 



IS min. 

30 min. 

45 min. 

60 min. 


A . EJJccl of CenirifugUig 


Normal 

, I 

7?' 

22 

28 

32 


2 


i5‘ 

30 

33 


3 



23’ 

33 


4 




21* 

Composite of 20 normals 

I 

8> 

24 

31 

31 


2 


13’ 

32 

35 


3 



i8» 

32 


4 




22* 

Hemophilia 

I 

9 * 

9 

9 

9 


2 



9 

9 


3 



9’ 

9 


4 




9 ‘ 

Thrombocytopenia 

I i 

S‘ 

9 

9 § 

loi 


2 


9’ 

10 

12 


3 



S> 

10 


4 

1 



8 * 


B. Effect of Exposure to Air 


Exposed to air 

I 

7‘ 

22 

24 

29 


2 


IS* 

37 

44 


3 




44 

Covered with oil 

I 

7' 

22 

24 

31 


2 


16^ 

41 

SO 


3 



25* 

44 


' Immediately after centrifugation. 


such an extent that the prothrombin time of the serum increased. From this it became 
evident that little prothrombin was converted as long as the serum was in intimate 
contact with the fibrin clot, but that immediately after this contact was lost, a rapid 
disappearance of prothrombin occurred. To test this further the experimen was 
repeated in glass test tubes (table 3). Again the change in the prothrombin time 
immediately following the separation of serum from the clot was striking. Unfor- 
tunately, the prothrombin time of serum could not be interpreted in terms of true 
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prothrombin activity since the influence of the thrombin was not only indeterminable 
but obviously also was constantly changing since it was continuously being neutra- 
lized by the normal antithrombin, i.e. by the albumin-X, 

Prompt Arrest of Prothrombin Conversion by Sodium Citrate. It was felt that 
fmther progress was contingent upon finding a means to separate the activity of 
thrombin already present in the serum from the thrombin formed from prothrombin 
during the prothrombin time test. The possibility that this might be accomplished by 
an anticoagulant such as sodium oxalate or sodium citrate was investigated. The 
following experiment was devised. Three test tubes each containing 2 cc. of blood 
from the same subject were placed in a water bath at 37° C. and allowed to clot. 
The clotting time was empirically fixed at 10 minutes, and 15 minutes more was 
allowed for the reaction to go to completion. At the end of 25 minutes, 0.2 cc. of 
o.iii sodium oxalate was added to the first tube, 0.2 cc. of 0.2M sodium citrate to 
the second, and nothing to the third. The tubes were centrifuged for exactly one 
minute and an additional half-minute was required to stop the centrifuge. The pro- 
thrombin time was immediately determined. For the oxalate and citrate plasmas. 


Table 2. Prothrombin consumption time following the separation of serum from clot of 

PLATELET-RICH PLASMA* COAGULATED IN A COLLODION-COATED TEST TUBE 


Time after sepaiation of serum from clot- in minutes o 2 5 12 15 

Prothrombin time (uncorrected) of serum in seconds 12 ii 10 12 15 16 


* Plasma was obtained from blood by employmg silicone-coated glassware. ® The plasma 
began to coagulate in 21 minutes and a rigid clot was formed in 27 minutes. One hour after coagula- 
tion appeared complete, the clot was compressed with a stirring rod to obtain serum. 


0.2 cc. of 0.02M: CaCb was used. A typical result obtained with this procedure is 
presented in table 4. 

From the findings obtained, it is clear that the objective was attained with 
sodium citrate. Thus, the prothrombin time of the serum to which this agent was 
added before centrifuging was ii seconds and remained constant whereas the oxalated 
specimen was 10 seconds and the untreated blood was 6 seconds. In the latter two 
the prothrombin dropped, whereas it remained constant in the blood citrated before 
it was centrifuged. A logical explanation is that prior to centrifuging only a trace of 
prothrombin is changed to thrombin, but immediately on centrifuging a chain reac- 
tion is set in motion and large amounts of thrombin are quickly formed which 
accounts for the prothrombin time of 6 seconds. This could easily be mistaken for 
hyperprothrombinemia, but is merely a summation of accumulated thrombin plus 
thrombin formed during the prothrombin time test. When citrate is added before 
centrifuging, the chain reaction is not begun and the prothrombin time measures 
the prothrombin activity remaining in the clotted blood. The oxalated blood shows 
a temporary shortening followed by an increase and then becomes constant. Sodium 
oxalate does not stop coagulation instantaneously as Quick and Stefanini (8, 9) 
have repeatedly emphasized. Therefore, a certain amount of thrombm with an 
equivalent decrease in prothrombin occurs in the short period required for the oxa- 
late to become completely effective. The prothrombin time of the oxalated sample 
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obtained immediately after centrifugation is a composite of the tlirombin already 
formed and the quantity produced by excess thromboplastin. On standing the free 
tlirombin is neutralized and when this occurs the prothrombin time measures the 
unchanged prothrombin remaining in serum. 

The procedure of stopping the prothrombin conversion instantaneously with 
sodiuni citrate, then allowing the thrombin to become neutralized and analyzing the 
serum for unaltered prothrombin by the prothrombin time test, permits one to follow 
the progressive reaction occurring in blood clotted in a test tube. The actual proce- 
dure consisted in placing 2 cc. of blood in a series of test tubes and allowing them 
to remain in a water bath at 37° C. for 25 minutes. All the tubes were then centri- 
fuged one minute and an additional half minute taken for stopping the centrifuge. 
At specific intervals of time, 0.2 cc. of 0.2M sodium citrate was added to each of the 
tubes consecutively. After 5 minutes, the prothrombin time of the citrated serum 
was determined. The prothrombin values were calculated from Quick’s prothrombin 
curve. The striking results showing the insignificant consumption of prothrombin 

Table 3. Speed of PROxnROinjiN consumption (uncorrected) of clotted blood in a gl.\ss 

TUBE FOLLOWING CENTRIFUGATION 

Time after centrifugation in minutes 0123 4 5 6 7 10 

Prothrombin time (uncorrcctecl) of serum in seconds 8 5 7 S 12 15 iS 22 25 

prior to centrifugation and the precipitous drop after the separation of free serum is 
given in figure i. 


DISCUSSION 

It has always been tacitly accepted that when normal blood clotted in a test 
tube, the process was completed promptly, i.e. the fibrinogen was entireh' converted 
to fibrin, nearly all the prothrombin became activated and the excess thrombin was 
mostly neutralized by the natural antitln-ombin, albumin-X. The results obtained in 
this study lead to a radically different view. Actually, so little prothrombin is changed 
to thrombin even 15 minutes or longer after a solid clot has formed that it is hardly 
measurable. It would be difficult to explain this observation by any of the older 
hypotheses of blood coagulation including tlie classical theor}'- of iMorawitz. It can, 
however, be readily accounted for by the new concept that a chain reaction occurs in 
which thrombin labilizes platelets which in turn liberate more enzjone to activate 
thromboplastinogen, thus acceleratmg the formation of more thrombin. 

In the ordinary clotting of blood in a test tube, enough platelets disintegrate 
to activate some tlnromboplastin and therefore a small amount of thrombin is formed. 
It is quickly combined with fibrinogen for which it has a great avidity. The union 
is probably very transient as is the combination of an enzyme witli its substrate. 
Very quickly a meshwork of fibrin is formed with an enormous adsorptive surface 
which immediately begins to remove the nascent thrombin so expeditiously and 
completely that little remains available for further labilization of platelets. This 
adsorption continues until saturation occurs, after which thrombin begins to ac- 
cumulate with the result that labilization of platelets again resumes; tlie block to 
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the autocatalytic reaction is thereby removed and rapid consumption of protlirombin 
ensues. It is interesting that the adsorption of thrombin by fibrin has long been 
recognized. Howell (10) actually prepared his tlirombin by extracting fibrin with 8 
per cent sodium cliloride solution and recently Seegers (ii) has made quantitative 
studies of the adsorption of tlirombin by fibrin. 

W hen clot retraction takes place, the serum is no longer dispersed uniformly 
through the fibrin reticulum, consequently the rapid or almost instantaneous adsorp- 
tion of tlirombin is stopped. The autocatalytic reaction therefore is set up which 
explains why a rapid fall in prothrombin occurs promptly following the extrusion of 
serum. 

The adsorption of thrombin by fibrin although clearly recognized has been 
entirely overlooked as a significant factor affecting coagulation and hemostasis. 
It has always been an enigma why the thrombosis in an area of injured tissue re- 
mains localized. Since it is well recognized that one part of thrombin can coagulate 
several thousand parts of fibrinogen, tlie potential thrombin contained in a few cc. 


Table 4. Addition of soDiuii oxalate and sodium citrate to clotted blood prior to 

CENTRIFUGATION TO PRESENT CONIERSION OF PROTHROMBIN TO THROMBIN AFTER THE SEPARA- 
TION OF THE SERUM FROM THE CLOT WITH THE OBJECTIVE OF OBTAINING A TRUE VALUE OF 
PROTHROMBIN CONSUMPTION 

Prothrombin Consumption 
Time 

Timt after fomalion of solid clot 15 min. 30 min. 60 min. 

Normal blood -f sodium oxalate o.im’- 10 13 J 13^ 

Normal blood -f- sodium citrate 0.2M' 11“ ii ii 

Normal blood 6 26 31 

' 0.2 cc. added to the 2 cc. of clotted blood. ~ The prothrombin time of oxalated plasma was 
111 seconds. 


of blood is enough to cause generalized thrombosis of the complete vascular system. 
The physiological safeguards have never been clearly defined. The existence of a 
plasma or serum antithrombin (albumin-X) has been generally accepted, but this 
agent by no means acts instantaneously; therefore it is improbable that it alone 
could block the chain reaction from being set into motion. In fact there is experi- 
mental evidence that it cannot. One of us (/I. J. Q.) had the opportunity tlirough 
the courtesy of Dr. F. H. L. Taylor and his associates at the Boston City Hospital 
to follow the prothrombm consumption in a child with congenital afibrinogenemia. 
In 5 minutes after the native platelet-rich plasma had been transferred from a 
silicone-coated test tube to a plain glass tube, the chain reaction was in a high state 
of acceleration, thus showing that the albumin-X did not neutralize the thrombin 
sufficiently rapidly to impede the autocatalytic reaction. 

In view of the findings presented it seems clear that the fibrin clot itself becomes 
physiologically the most important antithrombin. Its puts, so to speak, the brake 
on the autocatalytic reaction of coagulation and keeps it localized to the area in 
which vascular damage has occurred. Albumin-X only functions as a secondary de- 
fense since it removes or mactivates thrombin relatively slowly. Paradoxically, the 
fibrin clot which is feared most in thrombo-embolic diseases is perhaps the most im- 



394 


A. J. QUICK AND J. E. FAVRE-GILLY 


Volume ijS 


portant protection against extension of thromboses beyond the area that requires 
the thrombi to effect hemostasis. 

From the above findings one may postulate that clot retraction in vivo may be 
distinctly dangerous since the extruded serum separated from the intimate contact 
of the adsorptive surface of fibrin will allow thrombin to form, which immediately 
causes an extension of intravascular clotting. If this assumption is correct the factors 
that favor clot retraction increase the danger of progressive intravascular clotting. 
One such factor would be anemia, for the smaller the cellular bulk, the faster and 
more complete is the clot retraction. The second factor is a rise in the number of 
platelets since clot retraction is roughly proportional to the platelet count. 



Tha Consumption of Proihpombin During Coagulation 
Fig. I. Prothrombin consumption before and after the separation of the serum from the fibrin 

clot. 


SUMMARY 

When normal human blood is allowed to clot and to stand for one hour, more 
than 6 o per cent of the prothrombin is usually consumed as measured by the pro- 
thrombin time of the serum. Serum obtained from clotted blood before retraction 
occurs has a strikingly short prothrombin time immediately after centrifugation, 
which quickly becomes prolonged, showing that a rapid decrease in prothrombin 
occurs following the separation of serum from the dot. 

If sodium citrate is added to dotted blood prior to centrifugation, the serum 
obtained has a normal prothrombin time of ii to 12 seconds, which indicates that the 
abnormally short prothrombin time of serum immediately after centrifugation is due 
to a summation of thrombin formed during centrifugation and the amount produced 
during the prothrombin time test. 




Scplcmlcr ip4g 


FIBRIN AND PROTHROMBIN 


395 


The insignificant consumption of prothrombin in unretracted clotted blood is 
explained by the rapid and complete adsorption of the freslily formed thrombin by 
the fibrin clot with its large adsorptive surface that is in intimate contact with the 
dispersed serum. The continuous adsorption of tlirombin prevents the initiation of 
the autocatalytic reaction of coagulation which is mediated through the labilizmg 
action of thrombin on platelets. Fibrin appears therefore to be the most important 
ph3’’siological antithrombin. Its significance in hemostasis and thrombosis is dis- 
cussed. 
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BEHAVIOR OF THE LEUKOCYTES OF THE RABBIT DURING 
PERIODS OF TRANSIENT LEUKOPENIA 
VARIOUSLY INDUCED 

HIRAM E. ESSEX and ALFONSO GRANA^ 

From the Division of Experimental Medicine, Mayo Foundation 

ROaiESTER, inNNESOTA 

T he profound effects of injections into dogs of extracts of Ascaris suum and 
the fluid from hydatid cysts have been described in a previous report (i). 
The present study is concerned chiefly with observations of the behavior 
of the circulating leukocytes (as seen in transparent chambers inserted in the ears 
of rabbits) in response to intravenous injections of the parasitic materials just men- 
tioned and a number of other substances. 

It has been knoum since the work of Staub and associates (2) that intravenous 
injections of hepatic glycogen and injections of solution of acacia cause severe leuko- 
penia of variable duration, Rocha e Silva and associates (3) have reported inhibition 
of anaphylaxis in the rabbit by injections of hepatic glycogen and a polysaccharide 
prepared from Ascaris lumbricoides. They also observed almost complete disappear- 
ance of platelets from the circulating blood. They found that the leukocjdes disap- 
peared only from unanesthetized rabbits or those anesthetized with dial and ether. 

Hueper (4) reported that a solution of glycogen injected intravenously into dogs 
in single or repeated doses caused hematic reactions characteristic of the macro- 
molecular hematic syndrome; namely, primary transitorj’’ leukopenia, secondary 
myeloid leukocytosis, anemia, accelerated erjdhrocytic sedimentation and increased 
clotting time. 

With the aid of transparent chambers inserted into the ears of rabbits, using 
the well-known technic of the Clarks, Abell and Schenck (5) observed the behavior 
of the minute blood vessels and that of the leukocytes during anaphylactic reactions. 
It was found that in a properly sensitized subject an intravenous injection of horse 
serum or the introduction of horse serum into the moat of a special t}>pe of chamber 
was followed by a marked and characteristic response of the leukocjdes, which ex- 
pressed itself in an increased stickiness or adhesiveness of the cells. The cells adhered 
so tenaciously to the endothelium of the vessels and to eacli other that large clumps 
of leukocytes were formed. These aggregations of cells frequently were of sufficient 
size to interfere with the flow of blood through the vessels. 

METHODS AND RESULTS 

With the animals under anesthesia with pentobarbital sodium and by the use of 
sterile technic, transparent chambers w'ere inserted into the ears of rabbits. Wflien 
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^ Deceased. This work was begun mth Dr. Grana while he was a Guggenheim Fellow working 
in our laboratorJ^ The speculation and theoretical considerations must be attributed to the senior 
author. 
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the ingrowth of blood vessels had been completed, observations of the leukocytes 
were made with the aid of a compound microscope. 

In a limited number of sensitized rabbits the interesting findings of Abell and 
Schenck already mentioned were seen by us after intravenous injections of horse 
serum. 

The behavior of the leukocytes w^as also profoundly affected by intravenous 
injections of the following substances: i) saline extracts of Ascaris suum in doses of 
o.x cc. for each kilogram of body weight; 2) 5 cc. of the fluid from hydatid cysts; j) 
solutions of hepatic glycogen in doses of 200 mg. for each kilogram of body weight; 
4) solutions of peptone; 5) i to 2 cc. of heparin solution (Coimaught, 1000 units in 
each centimeter) ; 6 ) twice-normal concentrations of solutions of dried human plasma 
and of dried rabbit plasma; 7) 5 cc. of 6 per cent solution of acacia; 5) i to 5 cc. of a 
6 per cent solution of a polysaccharide known as ‘drolan’ and also as 'dextran.’ 

The characteristic positive response usually began from 60 to 90 seconds after 
the intravenous injection of an appropriate dose of one of the effective substances. 

Normally the leukocytes move haltingly along the margin of the blood stream, 
usually maintaining their spheroidal shape. A positive response to the substance 
injected is shown by a perceptible slowing. That they are becoming more adhesive 
is evidenced by some of them assuming an elongated or pear shape, particularly 
when the flow of blood through the vessel is quite rapid. When they have become 
sufficiently adhesive the leukocytes cease to be carried on by the most vigorous cur- 
rent and remain firmly attached to the endothelium. They also adhere to each other, 
formiog large clumps that may become of such size as to interfere with the flow of 
blood through the vessel. It may be significant that the leukocytes adhere to the 
vascular endothelium and to each other but that the erythrocytes were never ob- 
served to stick to the leukocytes. 

The most profound effect of all the substances used followed the injection of 
dextran. With most of the substances observed, the majority of the leukocytes re- 
mained out of the circulation for 15 to 20 minutes. However, injections of dextran 
immobilized them for 60 to 90 minutes. 

On several occasions a continuous infusion of solution of acacia was given drop by 
drop for as long as 6 hours. The leukocytes adhered to the vessel wails while the solu- 
tion was being administered, but 2 or 3 minutes after the infusion w'as stopped they 
resumed their movement. 

An interesting result which is yet to be explained was obtained from experi- 
ments with dextran. Quite by accident it was discovered that after one injection of 
5 cc. of dextran from wffiich complete recovery had apparently occurred, another 
injection, wffiether immediate or long delayed, w^as without any observable effect. 
In a series of observations it was found that the leukocytes were sometimes imaf- 
fected by a second injection of dextran for as long as 4 days. In some of the experi- 
ments the leukocytes responded in a tjTpical manner to injections of solution of acacia 
even though unresponsive to dextran, but in others they did not. As already indi- 
cated, the leukocytes did not show ‘tachyphylaxis’ when successive doses of solution 
of acacia were given. 

From the w'ork of previous investigators and a limited series of counts done in 
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our laboratory it has been shown that profound leukopenia follows the injection of 
glycogen and certain other substances. The leukopenia coincides with the period 
during which the leukocjdes are observed to be adliering to the walls of the blood 
vessels (table i). Consequently it is only an apparent leukopenia and is aptly termed 
‘transient.’ An explanation of its temporarj'’ nature and an insight into its mechanism 
are rather clearly revealed by these findings. An explanation of why the cells become 
sticky has not been found. 

In agreement with the reports of previous workers the number of leukocytes 
was greatly augmented as compared with control counts after their recovery from 


Table i. Tymcal data on the number or leukocytes in the circulation of a series or 
RABBITS before AND AFTER AN INTRAVENOUS INJECTION OF A POLYSACCHARIDE, 

CALLED ‘dEXTRAN’ 


babbit 

1 DOSE or DEXTRAS 

j 

TIME AITES. IKJECnOS 

tEDKOCYTES PER CUBIC 
UILLIMETER OP BLOOD 


CC, 



1 

I 

Control 

9,600 



4 min. 

3,300 



60 min. 

34,800 

2 

I 

Control 

13,200 

1 


6 min. 

8,400 



30 min. 

24,400 

3 

3 

Control 

19,600 



5 min. 

2,800 



30 min. 

15,800 

4 

3 

Control 

0 

0 

<> 



8 min. 

' 3,000 



30 min. 

15,800 


adhesiveness and their return to the circulation. The leukocytosis is present for 
several hours. 

Many other substances were injected without significant effect on the behavior 
of the leukocytes. This was true of injections of z) 5 cc. of a 2 per cent solution of egg 
white; 2) i cc. for each kilogram of body weight of a 2 per cent solution of procaine 
hydrochloride; j) as much as 10 cc. of a 5 per cent solution of purified gelatin in an 
isotonic solution of sodium chloride (Upjohn) ; 4) 5 to 10 cc. of isotonic saline solu- 
tion, 5 cc. of 5 per cent glucose; 5) injections of various amounts of adrenal cortical 
extract; 6) 5 cc. of a normal concentration of human or of rabbit plasma; 7) i cc. of 
a normal concentration of horse serum in nonsensitized rabbits; and S) o.oi mg. of 
histamine for each kilogram of body weight. 

COMMENT 

It is obvious that the reactions of the leukocytes observed by Abell and Schenck 
durmg anaphylactic shock and those described in this report are fundamental in 
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nature. One can only speculate as to the process by which the leukocytes are made 
adhesive. The fact that so many different substances are able to elicit the stickiness 
of leukocytes emphasizes the nonspecihc nature of the reaction. The transient leuko- 
penia following injections of solutions of glycogen, acacia and such substances has 
given the impression that injection of substances of large molecular size elicits the 
phenomenon. 

It has been suggested by Rocha e Silva and others that the vasculature of the 
liver and lungs removes the leukocytes and platelets from the circulation in anaphy- 
laxis or after injections of glycogen, tlius acting in a sense as filters. Our observations 
tend to support the concept tlrat the leukocytes, after becoming adhesive, probably 
become attached to the endothelium in almost any region of the body and are not 
necessarily confined to the liver and lungs of the animal. 

An insight may be gained from these observations into the mechanism involved 
in an inflammatory reaction. It is conceivable that an infectious process liberates 
leukotaxine (6) into the tissues, which finds its way into the capillaries and causes 
the leukocytes to become sticky and to adliere to the endothelium of the blood vessel. 
Eventually a large number of the cells would migrate from the blood vessel into the 
affected tissue with the characteristic leukocytic infiltration resulting. Abell and 
Schenck observed, during anaphylactic shock, the migration of many leukocytes 
from the vessels into the tissue spaces. 

It has been found by most if not all observers that significant leukocytosis fol- 
lows transient leukopenia induced by injections of such substances as glycogen. Why 
this should be is not at once apparent, but it might conceivably be the result of the 
effective operation of the mechanism that controls the number of leukocytes present 
in the circulating blood at any one time. Could it be that when the leukocytes become 
adherent to the vessel walls there is a call on the mechanism that controls the num- 
ber of circulating leukocytes for more cells, which in turn would also become adher- 
ent, and thus a larger and larger number of leukocytes would be held out of circula- 
tion until released by the loss of their adhesiveness? Thereupon they would again 
return to the circulation in greatly augmented numbers, thus resulting in the leuko- 
cytosis so commonly observed. 

SUMMARY AND CONCLUSIONS 

Observations have been made of the behavior of the leukocytes as seen in the 
blood vessels that had grown into transparent chambers inserted into the ears of 
rabbits. The intravenous injection of extract of Ascaris suum, hydatid cyst fluid, 
solutions of acacia, glycogen and dextran, and many other substances caused the 
leukocytes to become sticky. They adhered to the vascular endothelium and to each 
other forming large clumps. 

During the time when the leukocytes were adhesive, there was profound leuko- 
penia. The duration of this phenomenon did not usually exceed 90 minutes. It may 
be concluded that the transient nature of the leukopenia observed in these experi- 
ments can be accounted for on the basis of the leukocytes being temporarily out of 
circulation as a result of their adhering to the vascular endothelium and to each 
other. 
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The possible relation of the adhesiveness of the leukocytes to certain inflam- 
matory reactions is discussed. 

The dextrone used in these experiments was kindly supplied by Dr. J. S. Lundy, 
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AGE, BODY WEIGHT AND BLOOD HYPERTENSINOGEN 

G. CARL RAU 

From the Department of Physiology and Pharmacology, University of Missouri 

School of M edicine 

COLUMBIA, raSSOUEI 

G rossman and Williams (i) reported that kidneys of young rats contained 
more renin than those of old rats. Usmg preparations free of hypertensinase 
and other nonspecific pressor substances, it has recently been shown, (2) 
that kidneys of young pre-pubertal rabbits contain more renin than those of older 
mature rabbits. 

To continue investigations concerning age and the renal-humoral mechanism 
the following experiments were planned to study the hypertensinogen content of 
blood of large, old dogs and of small, very young dogs. Pressor responses to repeated 
injections of purified standard hog renin^ were used as a test of the blood hyperten- 
sinogen, since it has been shown by Page el al. (3) that as plasma renin activator 
(hypertensinogen) is reduced or disappears, simultaneously the pressor response to 
injected renin is reduced or disappears. 

PROCEDURE 

The pressor responses to repeated injections of hog renin were tested in two 
groups of dogs. One group of 6 old animals varied in weight from ii to 19.8 kg., and 
another group of 6 young animals, none older than 4 months, varied in weight from 
3.2 to 5.0 kg. It was not possible to determine the exact ages of old dogs, but those 
selected had either lost or worn down most of their teeth and other signs of old age 
were apparent. 

The dogs were given intraperitoneally 32.5 mg. of sodium pentobarbital per 
kilogram of body weight and blood pressure was recorded from the right common caro- 
tid artery with a mercury manometer. Blood pressure measurements were made 3 
minutes after the renin injections, each of which consisted of 0.5 cc. containing 0.85 
Goldblatt unit introduced briskly into the right femoral vein at 15-minute intervals 
until complete tach3Tphylaxis developed. 

RESULTS AND DISCUSSION 

In table i summarized blood pressure responses to the first two renin mjections 
and the amounts of renin necessary to develop complete tachyphylaxis are presented. 
The blood pressure elevations from the first renin injection in the 6 old dogs varied 
from 6 to 12 mm. Hg and from 4 to 9 mm. Hg to the second injection. In this same 
group of dogs the amount of renin necessary to induce complete tachyphylaxis 

Received for publication May 10, 1949. 
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varied from 5.95 to 11.05 Goldblatt units, that is, 0.40 to 0.85 Goldblatt unit per kg. 
of body weight. 

Blood pressure elevations from the first renin injection in the 6 young dogs 
varied from 24 to 32 mm. Hg and from 14 to iS mm. I-Ig to the second injection. 
In this group of dogs the amounts of renin necessary to induce complete tachyphy- 
laxis varied from 17.0 to 26.35 Goldblatt units, that is, 5.74 to S.2 Goldblatt units, 
per kg. of body weight. 

Since young pre-pubertal animals have a greater supply of renin it would seem 
that if this renin were to function to any important degree during pubertal cardio- 
vascular adjustments, the supply of blood liypcrtensinogen available should be greater 
also. 


Table i. Blood pressure reponses and amounts or renin necessary to develop 

C 0 MI»LETE TACHYPHYLAXIS 


DOG 

\\TIGIIT 

j 

BLOOD PRESSURE RISE 

COLDBL-^TT DOC UN-TTS OP RENIX 
^TCXSS.^RY TO DE'VELOP COUPLETE 
TACnYPHYLAXlS 

First renin injec- 
tion 1 

Second renin 
injection 

Total 

Per is. 
of body svt. 



tr.m. Ht 

mm. Ht 



I 

19. s 

10 


S -5 ! 

0-43 

2 

iS.s 

9 

7 ; 

11.05 

0.60 

3 

15.0 

S 

6 

5*95 

0.40 

4 

14.0 

12 

9 

7.65 

0-55 

s 

11.0 

S 

4 

9 - 3 S 

0.85 

6 

11.0 

6 

4 

8.50 

i 0.77 

7 

5-0 

28 

14 

18.7 

i 3-74 , 

S 

4.2 

32 

18 

17.0 

4-0 

9 

3-8 

24 

16 

22 I 

5.8 

JO 

3'5 

29 

18 

17.85 

5.1 

Ji 

3-4 

25 

1 

14 

15.3 

4-5 

J2 

3-2 

27 

15 

1 26.35 

8.2 


Although the body mass served could be a factor determining the magnitude of 
pressor responses from renin in the e.xperiments just reported, one fact alone, namely 
that the 6 young dogs required a greater amount of injected renin to develop complete 
tachyphylaxis, indicates that ^mung, small dogs have a greater available supply of 
blood hypertensinogen than larger, old dogs. 

STOMARY 

Using pressor responses to repeated injections of standard hog renin as a test, 
the small, young dogs studied had a greater supply of available blood h3ipertensinogen 
than large, old dogs. A possible explanation is discussed. 
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MECHANISM OF THE VASCULAR ACTION OF 
TETRAETHYLAMMONIUM CHLORIDEi 
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With the assistance of Ralph Prince and John J. Reinhard, Jr. 

From the Research Division of the Cleveland Clinic Foundation, and the Frank E. 

Bunts Educational Institute 

CLEVELAND, OHIO 

B urn and Dale (i) some 25 years ago showed that several quaternary am- 
monium compounds block transmission of impulses at autonomic ganglia. 
Recently, tetraethylammonium chloride* (abbreviated T.E.A.) was intro- 
duced after a broad stud}’- of its pharmacology by Acheson and Moe (2) as a blocking 
agent which is comparatively safe, even in human beings. Since then, wide interest 
has been aroused, especially by Lyons and Hoobler, in the possible application of 
this drug, either as a test of autonomic activity or as a therapeutic chemical sympa- 
thectomy. 

Acheson and Moe (2) had shown in cats and dogs that doses of from 0,1 to 10 
body weight reduce arterial pressure, usually with diminished heart rate, the 
magnitude of the fall being a function of the dose. The fall was not due to action on 
the heart, the vascular smooth muscle, or the medullary vasomotor center, but rather 
from a block in the ganglia of efferent pathways of the sympathetic vasoconstrictor 
nerves. Further, they showed when the dose was large enough, the response was 
pressor, probably accompanied by discharge of adrenalin. Intra-arterial injection 
usually produced no change in blood flow, though occasionally decreased it without 
change in systemic pressure, indicating vasoconstriction. 

Our interest in its relationship to hypertension arose when we found that 
tach)iphylaxis to renin could, under certain circumstances, be overcome by large 
doses of the drug (3). Further, it was shown that the action of many other vasoactive 
drugs was greatly augmented (4, 5). During the course of these investigations, a 
number of other observations were made on the action of the drug itself, which aid, 
we hope, inxmderstandingat least from our point of view its greatest failure, namely 
to select hypertensive patients for lumbodorsal sympathectomy (6-8). 

METHOD 

Ex-cept for hepatectomized dogs , or those paratyzed by spinal cord section, the 
experiments were performed under pentobarbital anesthesia. Aseptic technique was 
employed for the operations with occasional exception. The animals were carefully 
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nursed after operation, especially after destruction of parts of the nerv'ous s^'stem. 
This treatment included c) frequent turning, 6) emptying the bladder, c) fluid ad- 
ministration, d) keeping the dog clean, warm and dry, and c) administration of 
penicillin if necessary. 

Methods used for determining augmentation of a variety of test drugs have al- 
ready been described (9). In most of the earlier experiments, single doses of 10 mg/kg, 
of T.E.A. were given into tlie femoral vein. Later the dose was reduced to 5 mg/kg. 
because in some animals, as for example after hepatectomy, the larger dose usually 
was fatal. After cord destruction, the carotid sinus mechanism was found excessively 
active to such drugs as nor-adrenalin and to mechanical stimulation. Blood pressure 
was moderatel}’’ low and the heart rate very slow. Attempts at denervating the sinus 
usually resulted in stoppage of the heart unless the vagi were cut first. Man}^ animals 
were saved by the simple procedure of vagus section followed, rather than preceded, 
by exclusion of the carotid sinuses. 

When inactivation of the carotid sinus mechanism is referred to it means tying 
off above and below the bifurcation of the carotid arterj’- and section of both vagus 
nerves. 

The drugs used for testing vascular responsiveness were adrenalin 0.0025 mg., 
nor-adrenalin* (dl arterenol, 0.05 mg.), barium chloride 0.25 cc. of solution contain- 
ing 18 mg/cc., renin (o.i cc. elevates pressure 25 to 35 min. Hg) and angiotonin 5 cat 
units as defined by Plentl and Page (16). 

RESULTS 

Effect of T.E.A. on Arterial Blood Pressure. Regardless of whether pentobarbital 
anesthesia is used or not, the response of the blood pressure to intravenous T.E.A. 
(5-10 mg/kg.) is variable. The usual pattern consists of a slight rise followed by a 
prolonged fall, as shown by Acheson and Moe (2). The second dose augments the rise 
and reduces the fall and the third usually elicits a pure rise. The response is converted 
from depressor to pure pressor by giving repeated injections of the drug. 

Tests on 94 normal anesthetized dogs showed such a wide range of response that 
an average figure would be almost w'hoUy misleading. Some of these supposedly 
normal animals gave a pressor response after the first injection of T.E.A. without any 
depressor action. They responded as do animals deprived of their nervous S3^tem. 
Even in the same animal tested on different daj’s, the response changes. For example, 
the response of one of 12 dogs studied repeatedly was —48 mm. Hg on Feb. 10, 1947; 
-{-28 mm., Feb. 20; —42, March 25; and 4-38, Sept. 9. This wide variability is not 
exceptional. Thus experiments in dogs in which a ‘floor’ or standard depression of 
arterial pressure resulting from T.E.A. is required need to be interpreted with unusual 
care because of this great variability. This observation confirms the variable floor 
found in human beings (10). 

Dogs with experimental renal hypertension produced by wrapping both kidneys 
in sUk respond to T.E.A. in the same way as normal dogs. In 6 experiments we found 
no consistent change in response before and after inducing severe hypertension 
(180-220 mmg. Hg) in the same animal. The pressure drop was the same in mm. Hg 


® Dr. M. L. Tainter of Winthrop-Steams was kind enough to supply this material. 
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before and after eliciting hypertension rather than the pressure reaching the same 
level. Since the results of this part of the investigation are negative, they are not in- 
cluded in this report. 

Hypotension and the Action of T.E,A. It has been observed repeatedly that when 
blood pressure falls spontaneously (30-50 mm. Hg) during the course of the experi- 
ment, or directly after severe surgical operations, even though recovery of arterial 
pressure occurs, response to T.E.A, and to test drugs falls to low levels. Under such 
circumstances, administration of T.E.A. often has little effect on blood pressure, and 
does not increase the action of the test drugs conspicuously. Administration of large 
quantities of saline aids in restoring blood pressure more nearly to normal, when 
augmentation may appear following injection of T.E.A. 

Many experiments show that the refractoriness following hypotension is not 
a direct function of the lowering of blood pressure. It not unusually occurs at hyper- 
tensive levels and is not immediately, if at all, relieved by T.E.A. Time, administra- 
tion of fluids and maintenance of normal blood pressure levels are the factors we find 
important in overcoming this refractory state. After a prolonged period of hypo- 
tension and refractoriness, during which repeated injections of T.E.A. give no 
significant augmentation, spontaneous rise in arterial pressure usually heralds a return 
of responsiveness to higher levels. 

Effect of Anterior Rhizotomy, Five successful experiments were completed in 
which anterior rhizotomy was performed by Dr. Robert Taylor either by one opera- 
tion or in stages. The animals were allowed time for recovery. When the roots from 
Ce to Li were included, the responses to the test drugs were uniformly increased over 
pre-operative tests. Administration of T.E.A. produced still further augmentation. 
The initial and subsequent responses to T.E.A. were pressor. 

If the rhizotomy extended from D7 to L2 only, the initial pressor response to 
T.E.A. was exaggerated but the subsequent depressor component was powerful. Thus, 
in one dog, after this operation, T.E.A. caused a rise of 34 followed by a fall of 
40 mm. Hg. But 6 days later, after extending the rhizotomy to Cs, the response be- 
came purely pressor, 42 mm. Hg. 

Anterior nerve root section from C7 to Ls produced augmentation but was 
inadequate as a means of replacing the full effects of T.E.A. 

‘Total’ Surgical Lumbo-dorsal Sympathectomy. At different operations, the ganglia 
were removed from the stellate down to the fifth lumbar on both sides by Drs. Robert 
Taylor and Charles Devine. The left vagus nerve was sectioned two days after the 
right and the test made the next day. Augmentation of adrenalin response was 
especially prominent, while barium and renin showed little change. The response to 
T.E.A. was always pressor. 

In a dog 20 days after completion of the sympathectomy, atropine was given to 
paralyze the vagus nerve endings before responsiveness was determined. Pentobarbital 
anesthesia was used. T.E.A., just as in the dogs with their cords destroyed, gave a 
pure pressor response, but augmentation was still produced though it was not great. 
In a third dog tested 8 days after completing the sympathectomy but without use of 
vagotomy or atropine, just as in the other dogs no initial depressor responses were 
observed. Each dose of T.E.A. exhibited only pressor action. ^ 

Thus, so-called ‘total’ surgical sympathectomy is an insufficient operation to 
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replace wholly the effects of T.E.A. in heightening the action of other drugs. It so 
alters the animal that depressor responses are not observ'ed, being replaced by 
pressor ones. 

Ejfecl of Cord Destruclion. In all of these nearly 100 experiments, except those 
in which the animal was to be killed, laminectomies and cord destruction were per- 
formed under aseptic conditions and the animals carefully nursed after the operation. 

Fall in blood pressure could still be obtained on administering T.E.A. when the 
cord was destroyed from Dc caudad, but above this level the response became more 
consistently pressor. Above Di no depressor responses and only pressor ones were 
observed as shown, for example, in table i. 

When a section of the cord was removed from C7 to Dc inclusive, and the animals 
tested 2 to 3 days later, the response was always pressor. The response to the test 
drugs was uniformly augmented as a result of the operation itself, but after T.E.A. it 
was further increased. For example, blood pressure was elevated 50 mm. Hg after 


Table I. Eefect or acute progressu'e cord destruction ou vascular hespox5i\’eness 



AETEMAL 




AUTEBIAL 




PEESSmiE 

EESPOSSE 



rarssmtE 

yjEsroNSs 

SOTSTANCE IN'BICTED 

TliJE 

mm. Us 

mm. Us 

SOBSTAKCE nc;ncTED 

TI 3 IE 

fnm. Us 

fr,m. Hi 

Renin 

2:26 

164 

24 

1 Cord ligated at Ct and destroyed below 

T.E.A., 100 mg. 

2:33 

168 

-42 

Nicotine 

4:2s 

loS 

42 

T.E.A., 100 mg. 

2:36 

134 

6 

Nicotine 

4:3^ 

106 

44 

Renin 

2:38 

140 

50 

Renin 

4:34 

loS 

62 

Cord ligated at Dc and destroyed 

below 

T.E.A. 

4:42 

132 

34 

Nicotine 

3^22 

142 

22 

Nicotine 

4^45 

12S 

0 

Renin 

3:27 

138 

16 

Renin 

4:47 

118 

60 

T.E.A. 

3-57 

128 

4-4—22 

Nicotine 

6:50 

120 

— 1S+12 

Renin 

4:00 

II6 

48 

Renin 

6:5s 

118 

S6 





T.E.A. 

7:18 

134 

32 





Renin 

7:22 

126 

54 ■ 





T.E.A. 

7:44 

138 

36 

adrenalin in one 

such dog before T.E.A. and 68 mm. after, when the cord had been 


destroyed one half hour before. But the next day, the response before was So mm. Hg 
and after T.E.A., 144 mm. Hg. T.E.A. raised the pressure 84 and 74 mm. Hg re- 
spectively. 

Removal of a 3 mm. section between Cs and Ce, without destruction of the caudal 
portion of the cord one day before the experiment, greatly augmented the response 
to the test substances and T.E.A. only slightly increased it. The next day the distal 
cord was destroyed and assay made the following day. No significant change in 
responsiveness had occurred except for a return of a definite pressor response to 
nicotine. T.E.A. gave somewhat more augmentation than in the first experiment. In 
5 other animals with the cord sectioned at Ce, the initial responses to the test drugs 
were surprisingly similar. 

Cord Destruction from Ce Caudad Followed by Inactivation of the Carotid Sinus 
Mechanism. Laminectomy and cord destruction from Ce caudad two or more days 
before testing was performed on 88 animals. After the test, which was done without 
the necessity of anesthesia, the carotid sinuses and common carotid arteries were 
tied off and both vagus nerves cut (table 2). 
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Cord destruction alone augmented the responsiveness to the test drugs but ad- 
ministration of T.E.A, even further heightened the responses. Sinus exclusion and 
vagotomy were usually but not always followed by significant elevation of arterial 
pressure. Injection of T.E.A. alwa}'s provoked a sharp pressor response in dogs with 
both cord and sinuses destroyed. 

Pithing. Dogs under pentobarbital or other anesthesia were pithed by insertion 
of the pithing rod through the inner canthus of the eye. The results on vascular re- 
sponsiveness were irregular. In some of the dogs the blood pressure fell to levels of 
from 30 to 60 mm. Hg and no augmentation to the test drugs occurred even after 6 
hours. In others, responsiveness gradually increased apparently spontaneously and 
without benefit of T.E.A., while in still others, T.E.A. definitely aided in heightening 
the responses. 

We assume this irregularity to be due to the different degrees of destruction of 
nerve tissue and of shock by the crude method used. Several years ago, we showed 


Fig. I. Augmentation of pressor response by 
T.EA. in a dog with the spinal cord destroyed 2 days 
before from Cs caudad. (i) Adrenalin, (2-4) renin, (5) 
T.EJI.10 mg/kg., (6) adrenalin, (7-8) renin (no. 233). 
The response in a normal animal to the same amount 
of adrenalin is about +45 mm. Hg, renin -1-38 mm. 
Hg and T.E.A. -f- 10-38 mm. Hg. 



(ii) that directly following pithing or other types of injury to the nervous system, 
refractoriness usually occurs for a short period. 

Effect on Bilateral Nephrectomy. The kidneys were removed 2 days before the test 
in most of these experiments. Usually anesthesia was not used during the test unless 
the animal became unruly, when small amounts of pentobarbital were given intra- 
venously. While the initial rise of blood pressure following T.E.A. injection seemed 
accentuated, the depressor component usually was present. For example, in one dog, 
the rise was 36 mm. Hg followed by a fall of 20 mm. Hg. The next dose raised the 
pressure 26 mm. followed by a fall of 4 mm. Hg. However, in many animals, only the 
pressor response was observed and repeated administration was accompanied by 
regular rises. Thirty complete experiments were performed. Augmentation of the test 
drugs occurred just as in normal animals. 

Bilateral Adrenalectomy. Removal of both adrenal glands in normal dogs an hour 
or more before an experiment seemed to accentuate the depressor responses to T.E.A. 
and reduce the pressor ones. For example, in one of four such experiments, the suc- 
cessive doses of 5 mg/kg. of T.E.A. gave the following responses: -I-20 -30, +50 
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— lo, +20 —2, +12 — 16, +14, +12 —48, +18, +16 —6, +8 —14, +12 mm. Hg. 
The depressor response was almost constantly present despite repeated administra- 
tion of the drug and the pressor was reduced. 

The depressor response to T.E.A. was abolished by destruction of the cord from 
Ce caudad, leaving the pressor response greatly heightened. Such preparations with 


Table 2. Responses in um. no or dogs \vith cord destroyed and the carotid sinus JiEciiANisk 

INACTIVATED 



ADRENA- 

LIN* 

ADRENA- 

LIN 

BARIUM 

C3IL0RIDE 

REJHN 

RENIN 


BLOOD 

BRESSURE 








mm. ffx 

No. 706 








Control 

4S 


44 

36 



88 

After sinus inactivation 

106 


62 

20 i 


24 

84 

After T.E.A. 

136 


54 

16 


34 

no 


140 


52 

48 


18 

M 

0 


1 130 



42 


1 

24 

100 





58 

50 

8 

108 




64 

56 

54 


loS 


13S 



48 

40 

40 

TOO 


152 


98 

34 

20 

j 

82 

No. 753 








Control 

44 

54 


62 



120 

After sinus inactivation 

44 

40 


74 



92 


84 

28 


32 



68 


2S 

22 

44 




56 

After 500 cc. saline 

76 

76 


12 



120 


92 

86 


14 

24 


100 





26 


72 

88 


94 


86 

i 

^4 

1 


78 

No. 743 








2 days after cord destruction 

20 

28 

22 

36 

34 


112 

Sinus inactivation 

40 


24 

46 



88 

Next day 

76 


34 

46 

78 


II 6 


70 


36 



24 

128 





54 


24 . 

126 


82 



40 


36 

116 





48 

54 

16 

94 




36 

30 

52 

iS 

92 


So 



44 





the addition of bilateral nephrectomy and inactivation of the carotid sinus mecha- 
nism are therefore excellent ones to demonstrate the effects of the adrenal. glands on 
T.E.A. response. Usually T.E.A. caused a sharp pressure elevation of 50 mm. Hg 
or more. But after adrenalectomy, it seemed somewhat reduced. In the different 
experiments, of which there were 7, the individual responses varied so rnuch as to 
make strict comparison with other dogs with the adrenals, intact lacking in signifi- 
cance. All that is safe to conclude is that in the absence of the adrenal glands, good 
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pressor responses are obtained on repeated admmistration of T.E.A. But the average 
response seems less than in similar preparations with intact adrenal glands. Six- 
teen experiments were completed. 

Hepatectomy. The hepatectomies were performed by Dr. Ralph Prince, Dr. 
John J. Reinhard and Mj . WiUiam West. Several hundred such operations have now 
been performed. The result of this experience is that most of the dogs were in ex- 
cellent condition when the testing was undertaken. We shall not at this time discuss 
the preparation and care of such animals despite its importance. 

In these animals, injection of T.E.A. was followed by sharp fall in blood pressure 
and if the full dose of 10 mg/kg or even 5 mg/kg. was given, the result was usually 
fatal. Blood pressure fell to low levels and showed only weak tendency to recover. If 
doses of 2.5 mg/kg. were employed, sharp but not fatal falls occurred, which on re- 
petition became progressively smaller. But significant pressor response did not occur, 
even though a total of 30 to 40 mg/kg. of T.E.A. was given. Rises of from 6 to 20 nun. 
Hg were observed in a few of the experiments. Thus, all of our results in the hepa- 
tectomized animal showed greatly increased sensitivity to the depressor effects of 
T.E.A. combined with almost complete loss of pressor effects. 

Nephrectomy, Hepatectomy, Adrenalectomy. Since renin causes a rise in blood 
pressure when nephrectomy is performed just before hepatectomy (12) the possibility 
existed that nephrectomy might also infiuence the response to T.E.A. but this was 
not found true. Of 29 animak, 6 showed a rise of almost 20 mm. Hg when T.E.A. was 
administered. Adrenalectomy was then performed in 8 of these after nephrectomy- 
hepatectomy to determine whether this significantly affected theresponse. An example 
of this type of experiment is given in table 3. Augmented depressor effects of T.E.A. 
were observed as in the hepatectomized animals but possibly of somewhat greater 
magnitude. Pressor responses were never observed, even after repeated doses of the 
drug. 

Spinal Cord Destrnciion, Carotid Sinus Inactivation, Nephrectomy and Hepa- 
tectomy. When the spinal cord was destroyed from Ce caudad two days before the 
test and the carotid sinus mechanism inactivated the day of the test, the responses to 
T.E.A. were found to be sharply pressor with little or no depressor component. 
Removal of the kidneys and liver in such animals abolished the pressor response. 
Indeed, little response of any kind is observed to the injection of T.E.A., even though 
repeated doses of S mg/kg. were given. Occasionally, an animal exhibited a rise of 10 
to 20 mm. Hg without subsequent fall. 

Adininislration of Priscol^, Dibenamine^ and Benzodioxane to Dogs Subjected to 
Spinal Cord Destruction and Nephrectomy. Spinal cord destruction and nephrectomy 
were usually performed a day or two before the test. Anesthesia was not necessary 
after the operation because of the sensory paralysis. After pressor responses to 
adrenalin and nor-adrenalin were ascertained, 20 mg/kg. of dibenamine was given 
intravenously. Thirty minutes later the responses were again determined. It was usual 
to find the adrenalin response either biphasic with a large depressor component, or 
purely depressor; while the response to nor-adrenalin was reduced to about half. This 

•* The Priscol was kindly furnished by Dr. Frederick Yonkraan of Ciba Pharmaceutical Prod- 
ucts, and Dibenamine by Dr. WilUam M. Swain of SmiUi, Khne & French Laboratories. 
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confirms the observation of v. Euler (13) that nor-adrenalin is much more resistant 
to blocking than adrenalin. Priscol, $ mg/kg., was then given and after a few minutes, 
the response was reduced from a control response of, for example, 120 mm. to 14 mm. 
Hg. Another dose of 2.5 to 5 mg. of Priscol blocked the nor-adrenalin response com- 
pletely. Mixed solutions of Priscol (5 mg/kg.) and Benxodioxane (i mg/kg.) were 
also used and found effectively to block nor-adrenalin. 


Table 3. Response of itepatectoiuzed, APRENALEcromzED and NEPHREcromzEP pog* 


xmE, 


ADKENA- 

NOR- 

TX.A., 

BARimC 


P.M. 

B.P, 

LIN 

ADRENALIN 

5 MO. 

T.ILA. aiLORlDK 

i:is 

112 

16 

22 

-40 



2:44 

32 

16 

38 

-28 

14 


3:00 

S2 



-18 

-14 


3:43 

S6 



— 10 



3:48 

54 


72 

0 



4:02 

72 



4 

0 


4:20 

70 

66 




Vagotomy 

4:39 

114 


S8 



Angiotonin = 8 mm. 

Renin = 0, 

4:57 

Pithed 






5:05 

82 


62 

0 

30 

Angiotonin = 8 mm. 
Tctramethyhmmonium, 10 mg. = 







42 mm. 

S'24 

68 

36 

82 



Renin = 0 

Angiotonin = 8 mm. 

5:52 

80 


90 



Obstetrical pituitrin, 2 units = 72 







mm. 

6:x6 

82 

44 

100 


6 

Angiotonin = 16 mm. 

Prostigminc, 0.23 mg. = 0. 

6:36 

82 

48 

88 



Ouabain, 0.25 mg. = 0. 

Ouabain, 0.5 mg. = 0. 

Sodium bicarbonate, saturated 







soln. 30 cc. 

6:52 

82 


86 



10.5 cc. adrenal cortex extract I.V. 







at 7 :13 PM. 

7:40 

62 


74 



to cc. MgClj • 6H1O 

10 per cent I. V. at 7 : 55 

8:02 

64 





Dose repeated 

8:08 



42 





» Dog 836. 


Having blocked the already augmented responses to adrenalin and nor-adrenalin, 
T.E.A., which had previously given a striking pressor response (50-80 mm. Hg) 
now evoked no response or only small rises in blood pressure. As long as the response 
to nor-adrenalin occurred, T.E.A. could be expected to elevate blood pressure in 
spite of the completely reversed adrenalin response. There appeared to be a paral- 
lelism of pressor response to T.E.A. and nor-adrenalin (table 4). Nor-adrenalin, 
however, may produce a brisk response without necessarily a similarly good one being 
obtained from T.E.A. , 

Doses of Dibenamine and Priscol large enough to block the responses to nor- 
adrenalin usually reduced those to such peripherally acting substances as\barium 
chloride and angiotonin. \ 
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Effect of T.E.A. on the Cat’s Blood Pressure and Nictitating Membrane. Cats were 
anesthetized with pentobarbital, a carotid artery cannulated for blood pressure 
recording and the nictitating membrane attached to a writing lever. In some cases 
the membrane was sensitized by superior cervical ganglionectomy and in others by 
cocaine injection. 

The initial 7 injections of 5 mg/kg., for e.\ample, produced a rise of 12 to 30 mm. 
Hg followed quickly by a fall of 38 mm. or more. The change to a pressor response 
came rather suddenly and was of the order of 44 mm. Hg. When the dose was doubled, 
rises of 120 mm. Hg occurred (figure 3). Responses to adrenalin, nor-adrenalin and 
barium cliloride were greatly augmented. 

During the period when arterial pressure fell as the result of T.E.A. injection, 
the nictitating membrane relaxed and continued to do so for some time after pure 



Fig. 2. Paealiel response of nor-adrenalin and T.E.A. 3 minutes after treatment of a ne- 
phrectomized dog with spinal cord destroyed (Ce J. ) with Priscol and Dibenamine. (i) Nor-adrenalin, 
(2) T.Ej\. s mg/kg., (3) nor-adrenalin, (4) T.E.A., (5-6) nor-adrenalin, (7) barium chloride, (8) renin, 
(9) T.E.A., (10) adrenalin, (ii-xa) nor-adrenalin, (13) T.E.A. (no. 833). 

pressor responses were elicited. Then a change occurred and only contraction was 
observed of the same order as that resulting from injection of nor-adrenalin (fig. 3). 
For example, equipressor amounts of adrenalin, nor-adrenalin, T.E.A. and angiotonin 
caused the membrane to contract 15, 8, 5 and 10 mm. 

No relaxation was observed after T.E.A. in the denervated membrane but con- 
traction occurred when the depressor action on the blood pressure was over. Injection 
of 2.5 mg/kg. of Priscol abolished the response of the membrane to adrenalin, nor- 
adrenalin and T.E.A. 

Pressor Response to T.E.A. in Patients ivith Cerebral Injury, Two patients, one 
dying of cerebral hemorrhage, the other with cerebral thrombosis, both exhibited 
pressor responses even on the initial injection of T .E.A. and without significant change 
in heart rate. As table 5 shows, some augmentation to barium chloride and angiotonin 
Was observed. This was not great, probably due to the fact that the autonomic system 
had already been largely inactivated by the cerebral thrombosis. Thus, pressor 
responses to T.E.A. are observed in human beings as well as in dogs, after injur}’’ of 
the nervous system. 
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DISCUSSION 

The evidence gathered by Acheson, Moe, Lyons, Hooblcr and others strongly 
supports the view that the only significant action of T.E.A. is blocking transmission 
at ganglionic levels releasing the arteriolar tone due to sympathetic impulses. Blood 
pressure is lowered as a result and will continue to be lowered as long as there is 
continuing vasoconstrictor discharge from the spinal cord. With larger doses of 
T.E.A., the depressor action disappears, to be replaced by a pressor one. 

In a few of our supposedly normal dogs, only pressor responses w’ere obtained 
from the time injections were begun. Thus depressor responses, while being the 
usual initial ones, are not the only ones. 

Table 4. Effect of piuscol and dibenamine on pressor response to t.e.a. in NEPiiREcroinzED 



DOGS WITH 

SPINAL CORD 

DESTROYED 



ADREHAtIN 

NOR- 

ADREKA- 

tiu 

T.C.A., 

S mg/tt. 

BinF-VAiaiiX, 
so mg. 

rRiscoL, 

S m/ig- 

BLOOD 
PRESSORE, 
rim. llg 

84 

II6 

36 



100 




+-12— 14 

36 

no 

— 12 

22 


00 

1 

0 

114 




'38 


no 


18 

6 



72 

-40 

8 

4 



108 

-SO 

30 

20 



100 


38 

18 



114 


22 

10 



78 

II 2 

106 

JOOKtg. 


14 

128 

-24 

44 


8 

6 

120 


48 


J 4 

0 

M 

0 


32 


26 

0 

160 


04 

96 



160 


72 

34 



124 


26 

22 



212 

•+-10—40 

12 

0 



0 

H 


22 

4 



ISO 

-46 

30 

12 



124 . 


If the autonomic ganglia are denervated or destroyed, by anterior rhizotomy, 
‘total’ surgical sympathectomy or cord destruction, the depressor response fails to 
occur and is replaced wholly by a pressor one. It was one of the purposes of this paper 
to attempt the explanation of this interesting change, which is not unusual in the case 
of several other vasoactive drugs as well. 

The phenomenon is not limited to dogs, for it occurred in two patients, one 
suffering from cerebral hemorrhage and the other from cerebral thrombosis. Neither 
of these patients showed any depressor response despite the fact that their arterial 
pressures were not low. Had they been excessively low, it might have been supposed 
that the cerebral lesion had abolished or diminished sympathetic vascular tone. 

Since intra-arterial injection of T.E.A. causes no change in blood |flow (2) 
there seems to be little or no direct action on arteriolar muscle to explain its pressor 
action. However, this observation must be qualified because Collins (14) foimd T.E.A. 

' ■ ^ \ 
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capable of causing contraction of the isolated terminal ileum and, further, that it 
increases the responses to angiotonin and histamine. From the few measurements 
available, there appears to be insufficient change in cardiac output to account for the 
pressor effect. Some more indirect mechanism is thus suggested for which explana- 
tion must be sought. 

Our results were for the most part obtained on dogs but some have been from 
a few cats. The same reversal of T.E.A. action was observed and in many cases more 
striking than in dogs. The nictitating membrane continued to show some relaxation 
well after pressor responses were obtained suggesting that the blood pressure is not 
the best indicator of complete autonomic blockade. Contraction of the membrane 
replaces relaxation verj’’ quickly and, in degree, more closely follows that produced by 



Fig. 3. ErrecT or repeated doses of T.E.A. on anesthetized (pentobarbital) cat's blood 

pressure and nictitating membrane (sensitized by cocaine). Eight injections 0 5 mg/kg. 

T.E.A. had been given over a period of 5 hours before, (i) T.E.A 5 mg/kg a Irma/tr W salini 
mg. (3) T.E.A. 10 mg/kg., (4) adrenalin 0.0025 mg. (5) nor-adrenahn, (6) T.E.A. 10 rog/kg., (7) saline 

3 (8) cosine 2 mg., (^j adrenalin, (ro) nor-adrenalin, (ii) T.E.A., (12) angiotomn 6 umts. 

equipressor amounts of L-nor-adrenalin than adrenalin. It must be recognized that 
we are presently uncertain of the L-nor-adrenalin content of commercial adrenalm. 

That the relaxation is of neurogenic origin follows from the fact that none 
occurs when the membrane is denervated. Contraction results, we beheve, because 
of a humoral agent. Further, this agent is blocked by Pnscol just as is adrenalm and 

nor-adrenalin.- , , , , n 

Three facts about the pressor response to T.E.A stand out clearly: l) that rUs 

blocked when the response to nor-adrenalin is blocked, but d^oes not parallel blocking 
of the adrenalin response: a), that it does not occur m hverless animals 
sionally and in minor degree (i.e.. so mm. Hg). This suggests that the P ej « 
is due chiefly to liberation of a nor-adrenalin-like substance front 
adrenal glands seem to contribute to a far less important 

animals with cord and sinus mechanism destroyed, the augmentation o fte acbon 
of adrenalin and nor-adrenalin which we have described previously (3. 4) is an addi- 

““ The val'eukr response to T,E. A. might be thought of as foUows: At first, blockade 
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of autonomic ganglionic transmission causes loss of vasoconstrictor tone in the blood 
vessels comparable to that following nervous system destruction, and blood pressure 
falls. Administration , of more T.E.A. produces progressively less depression until 
only pressor eflFects occim. Since the depressor action is greatly increased in liverless 
animals, it may be supposed that a buffer mechanism has been removed with ex- 
cision of the liver. Since the pressor response to T.E.A. roughly parallels the response 
to nor-adrenalin and is concurrently blocked by Dibenamine, Priscol and Benzo- 
dioxane, and since little or no pressor responses occur in absence of the liver, the 
bufifer mechanism must comprise chiefly liberation of a nor-adrenalin like substance 
from the liver. This substance may well be hepatic sympathin-N, following the 
nomenclature of v. Euler. A small component of the rise may be attributed to adrena- 
lin because removal of both adrenal glands appears to reduce slightly the rise when 
the liver is intact, or abolish altogether the slight residual rise to be expected from 
T.E.A. sometimes seen after hepatectomy or blockade with Priscol and Benzodioxane. 
Since the sensitivity of the vascular tree is greatly heightened to both nor-adrenalin 

Table 5. Pressor response and TETRAEmvuamoiiwix : chloride augmentation in a human 

BEING SUFPERING FROM CEREBPJVL THROMBOSIS 


XNlTIAt BtOOD 
PBESSITRE 
mm. Bg 

TEST SUBSTANCE 

•nuz 

JJLOOO PEESSUKE 
RISE 
tr.m.Hg 

84 

Adrenalin, i ml. 1:1,000 

10:51 

42 

92 

Barium chloride, 45 mg. 

10:57 

28 

102 

Angiotonin, 18 units 

11:05 

22 

88 

Tctracthylammonium, 700 mg. 

ir:i5 

8 

94 

Adrenalin, 1 ml. 

ii:i8 

38 

100 

Barium chloride 

11:23 

52 

124 

Adrenalin, i ml. 

11:40 

40 

137 

Tctracthylammonium, 600 mg. 

11:42 

31 

120 

Angiotonin, 18 units 

11:46 

so 


and adrenalin by T.E.A., that liberated endogenously would be e.xpected to elicit 
greater responses than in untreated animals. 

Our experiments show that vasomotor impulses of tlie kind blocked by T.E.A. 
have their outflow from below Di; hence for routine studies, section of the cord at 
Cg and destruction caudad is adequate. It was of especial interest that inactivation 
of the carotid sinus mechanism significantly heightened vascular responsiveness of 
the already highly sensitive animal. Administration of T.E.A. then caused insignifi- 
cant further augmentation, although over a period of several hours the animals re- 
ceiving T.E.A. were usually more sensitive than those not treated with it. 

When the cord had been destroyed, the carotid sinus mechanism became much 
more conspicuous in its action. Its destruction in dogs with intact spinal cords pro- 
duced little increase in responsiveness to vasoactive drugs, but with the cord destroyed 
heightening was pronounced. Further, during the early operations of carotid sinus 
destruction, most of our dogs died. When we realized that this was due to extreme 
vagus inhibition, and it was overcome, either by rapid cutting of the vagus nerves 
before sinus denervation, or by applying cocain solution to the sinus, there were no 
fiurther deaths from the procedure. The unopposed carotid sinus mechanism when 
stimulated becomes a lethal one. \ 
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The ability of the vascular system to adjust to severe injury and the loss of 
organs doubtless contribute significantly to its regulation. This was shown, for ex- 
ample, by the experiments in which the spinal cord was destroyed lo days before 
and the carotid sinus mechanism inactivated immediately prior to the experiment, 
and then the kidneys, the adrenal glands and liver excised under ether anesthesia. 
These were not moribund animals, nor was anesthesia required after operation. Eight 
hours after such extensive surgery, the mercury manometer recording of blood pressure 
w'as indistinguishable from that of normal dogs. This is not to imply that the responses 
were the same. Rather, to be emphasized is the extraordinary power of the circulation 
to perform its primitive functions temporarily, at least, in the absence of vital 
organs. Reinhard, Glasser and Page (14) have shown that hepatectomized dogs with 
or without their kidneys withstand hypotension of long duration quite as well as 
more normal animals. It would seem unreasonable to suppose, however, that the 
vascular responses are identical. 

Finally, the elucidation of the mechanism of T,E.A. action shows why the drug 
has not proved a satisfactory indicator of sympathetic activity. For instance, Birch- 
all, ef al. (6) found no correlation between the response to surgical sympathectomy 
in hypertensive patients and the chemical sympathectomy performed by T.E.A. 
If the response to T.E.A. has two components, the one depressing blood pressure 
the other elevating it, the resultant will always be a compromise between the magni- 
tude of these forces. When most of the pressor factor is removed by hepatectomy- 
adrenalectomy, then a quarter of the usual dose produces severe unopposed fall in 
blood pressure. If the nervous factor (autonomic blockade) is abolished by previous 
destruction of the spinal cord, only a rise ocems. Thus, to determine the influence of 
the drug on ganglionic blockade alone on blood pressure, it is necessary to exclude 
an augmented humoral factor, having opposing effects to those of blockade. 

Bilateral nephrectomy performed two days before the test is an example of a 
means of affecting the normal equilibrium between the two opposing factors. A 
common response in such animals to the initial T.E.A. dose is a rise in arterial pres- 
sure with little or no fall, as opposed to the usual fall in normal dogs. It might there- 
fore be supposed that nephrectomy causes the retention of substances acting to re- 
duce the vasomotor factor, leaving the humoral mechanism unopposed. 

It should be noted that we were imable to detect any consistent change in the 
response to T.E.A. after renal hypertension was produced by wrapping the kidneys in 
silk. The fall of blood pressure in mm. Hg was roughly the same before and after 
hypertension. This is consistent with the demonstration by Freeman and Page (15) 
that the autonomic system does not exert a dominant influence in this particular type 
of hypertension. 


SUMMARV 

The blood pressure response of a large number of anesthetized dogs to mtr^enous 
njection of 5 or 10 mg/kg. body weight of tetraetliylammomum chloride (T.E.A.) 
ras irregular, ranging all the way from pure depressor to pressor, varying even rom 

lay to day in the same animal. , , , . c 

There was no consistent change in the response after the development of ex- 
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pcrimental renal hj'pertension by silk perinephritis. A spontaneous type of vascular 
refractoriness to a variety of vasoactive substances not infrequently occurred, often 
but not necessarily associated with a period of hypotension. Anterior rhizotomy from 
Co to L«, ‘total’ surgical lumbodorsal sympathectomy, cord destruction from Co 
caudad or removal of section of cord between Cs and Co, all abolished the depressor 
component of T.E.A., leaving a pure pressor response. Inactivation of the carotid 
sinus mechanism in otherwise normal dogs caused little change in response but in 
dogs with the cord destroyed from Co caudad, the sinus mechanism was highly active. 
Its inactivation in cord-dogs augmented the pressor response elicited by T.E.A. 

Bilateral nephrectomy increased the tendency for a pressor response to occur 
at the expense of the depressor. Bilateral adrenalectomy accentuated the depressor 
responses at the expense of the pressor. Hepatectomy greatly augmented depressor 
responses and aU but abolished the pressor ones. If adrenalectomy was combined with 
hepatectomy and nephrectomy, no pressor response was observed. Removal of the 
liver and kidnc)’’S in animals with the cord destroyed and the sinus mechanism in- 
activated abolished the pressor responses to T.E.A. Administration of doses of Priscol, 
Dibenamine and Benzodioxane, singly or combined, sufficient to reduce or block the 
response of arterenol also reduced or blocked the pressor response of T.E.A. Cats 
exhibited the same reversal from depressor to pressor response after injection of T.E.A. 
Relaxation of the nictitating membrane occurred regularly until well after the pressor 
response was established, then quickly reversed to contraction. The degree of con- 
traction followed much more closely that due to equipressor amounts of nor-adrenalin 
than adrenalin or angiotonin. No relaxation occurred after the membrane w’as de- 
nervated but contraction was observed when the depressor action of T.E..A.. was 
over. Injection of Priscol then abolished the contraction of the membrane to adrena- 
lin, nor-adrenalin and T.E.A. Two patients with injurj' to the central nervous system 
have shown the initial pressor response to T.E.A. w-hich occurs in dogs with parts of 
the nervous system removed. 


CONCLUSION 

These observations in dogs, cats and man suggest that the action of tetra- 
ethylammonium chloride (T.E.A.) on arterial pressure is compounded of at least 
three factors: i) autonomic blockade reducing or eliminating tonic vasomotor im- 
pulses which lowers arterial pressure, 2) stimulation of the liver, to liberate a nor- 
adrenalin-like substance which, acting on a more than normally sensitive vascular 
tree, raises blood pressure, 3) less importantly, liberation of adrenalin from the adrenal 
glands. The net effect on arterial pressure is the resultant of the forces tending to lower 
opposed b}'’ those tending to elevate it. 

REFERENCES 

1. Brown, J. H. and H. H. Daij;. J. Pharmacol. & Exper, Therap. 6: 417, 1914-15. 

2. Acheson, G. a. and G. K. Moe. J. Pharmacol. & Exper, Therap. 87; 220, 1946. 

3. Page, I. H. In Faclors Rcgulaling Blood Pressure, J. Macy, Jr. Foundation Trans. First 
Conference (ed. Zw-eifach and Shorr). New York, 1947. 

4. Page, I. H.-and R. D. Taylor. Science 105: 622, 1947. 

5. Corcoran, A. C. AND I. H. Page. Proc. 5 oc. Bfo/. & 66; 148, 1947. 



September 1949 VASCULAR ACTION OF TETRAETHYLAMMONIUM 


417 


6. Biechaix, R., R. D. Taylor, B. E. Lowenstein and I. H. Page, Am. J. Sc. 213: 572, 1947. 

7. Lyons, R. H., S. W. Hooblee, R. B. Neugh, G. R. Moe and M. M. Peet. J.'A, M..\A. 136: 
608, 1948. 

8. SOLOFF, L. A., Burnett, W. E. and Bello, C. T.: Ajk. J. M. Sc. 216: 665, 1948. 

9. Page, 1. H. AND R. D. Taylor. Aj«. /. P/fysIo/. 156 : 412, 1949. 

10. Levison, j. E., M. F. Reiser and E. B. Ferris, Jr. J. Clin. Investigation 27: 154, 1948. 

,11. Page, I. H. J. Exper. Med. 78: 41, 1943. 

12. Leloir, L. F., j. M. Munoz, A. C. Taquini, E. Braun-Menendez, and J. C. Fasciolo. Rev. 
argetit. de cardiol. 9: 269, 1942. 

13. VON Euler, U. S. Acta physiol. Scandinav. 12: 73, 1946. 

14. Collins, D. A. J. Pharmacol. & Exper. Therap. 94: 244, 1948. 

15. Freeman, N. E. and I. H. Page. Am. Heart J. 14; 405, 1937. 

16. Plentl, a. a. and I. H. Page, J. Biol. Chem. 158: 49, 1945. 



CARDIOVASCULAR EFFECTS OF LARGE VOLUMES OF 
ISOTONIC SALINE INFUSED INTRAVENOUSLY INTO 
DOGS FOLLOVTNG SEVERE HEMORRHAGE'* = 

MONICA REYNOLDS 

From the Department of Physiology, College of Physicians and Surgeons, Columbia University 

NEW YORK aXY 

T he use of normal salt solution to restore a large blood deficit caused by 
hemorrhage has had few supporters. Harkins and McClure (i) in a review of 
the literature up to 1941 mentioned many investigations indicating that 
isotonic saline was the least beneficial of replacement fluids. In general, the arguments 
raised against saline were: a) that an isotonic crystalloid solution, having no colloid 
osmotic pressure, •would be lost from the circulation too rapidly to exert more than 
temporary benefit, h) that loss into the tissue might even cause pulmonary edema 
(2), andc) that, where capillary permeability was increased, it might wash plasma pro- 
teins out of the blood (3) leaving the circulation in a worse state than before the in- 
fusion of the salt solution. There were, however, some supporters for the use of 
saline, namely Hoitink (4) and MacFce and Baldridge (5), the latter having success 
with the therapeutic use of large volumes of the fluid. 

In March, 1942, the first of a series of articles by Rosenthal (6) appeared. Investigating the 
most effective treatment for bums and shock, produced in large numbers of mice, he found that oral, 
intravenous or intraperitoncal administration of isotonic (0.9 per cent) NaCl solution significantly 
reduoed the mortality rate. Further experiments by Rosenthal (7-10) on tourniquet shock and 
hemorrhage indicated that transfusions witli large volumes (8-15 per cent of the body weight) of 
isotonic saline were as effective in reducing mortality as transfusions with serum or whole blood. 
Fox (ii) who tried large amounts of sodium lactate solution orally in severely burned patients re- 
ported favorable results. Sodium chloride solution is efficacious in preventing shock produced in 
dogs by venous occlusion according to Katz, Friedberg and Asher {12) who concluded from their 
experiments that the beneficial effect can be attributed to the sodium ion. Warren, Merrill and Stead 
(13), who studied the effects of saline infusion on tourniquet shock in dogs, felt that the hydraffon of 
the interstitial fluid compartment was the important factor in the maintenance of the blood volume. 
After removing the tourniquets they gave saUne intravenously in large amounts and over long periods 
of time, and they reported that the plasma volume and arterial pressure were maintained at normal 
levels when the infusion ■was carried to tlie point of development of generalized edema. The fact is 
that the investigations in which isotonic saline was found to be beneficial are those in whidi the 
volumes given amount to two or more times the estimated blood volumes. 

The purpose of the experiments reported in this paper has been to analyze the 
circulatory changes brought about b}”" the infusion of large volumes of saline after 
severe hemorrhage and to ascertain to -what extent the circulatory changes them- 
selves may account for the favorable effects. 

Received for publication December 2, 194S. 

* A preliminary report of this work appeared in Federation Proc. 7: loi, 194S. 

- Submitted in partial fulfillment of tlie requirements for the degree of Doctor of Philosophy, 
in the Faculty of Pure Science, Columbia University. 
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PROCEDURE 

Adult, mongrel dogs ranging in weight from 5 to 10 kg. were used. Each animal 
was offered unlimited water but no food for 24 hours before the start of the experi- 
ment. The dog was placed on his back on an animal board. The right and left femoral 
arteries and the right jugular vein were exposed under local procaine hydrochloride 
supported by Neothesol.® 

The experiment consisted of a hemorrhage followed an hour later by a large 
intravenous infusion of isotonic saline. The clinical condition of the animal and 
especially the cardiovascular responses were observed for 24 hours after the bleeding. 
A dog living that long was considered a survivor. During the control period values 
for the heart rate, mean arterial pressure (arterial puncture, Hg manometer) and 
0: consumption were obtained, and blood samples were drawn for the estimation of 
plasma volume, plasma protein concentration, hematocrit readings and arterial and 
mixed venous O2 content. The rectal temperature was taken onty during the control 
period. Any dog showing evidence of fever was not used. 

The hemorrhage was performed as described by Walcott (14) except that during 
the period following bleeding only one 7 cc. sample of blood was withdrawn. All of 
the above measurements, with the exception of the plasma volume, were repeated dur- 
ing the interval between bleeding and infusion as well as during the period following 
saline infusion. The saline used was a 0.9 per cent solution of chemically pure sodium 
chloride and distilled water fresldy prepared for each experiment. It was warmed to 
39® C. and injected through a catheter inserted in the right jugular vein. A rate of 
about 1.3 cc/min/kg. was empirically chosen from preliminary experiments (15). The 
administration of saline was stopped when the dog had received a volume equal to 
15 per cent of the body weight. When the measurements were completed, one and a 
half to two hours later, the animal was removed from the board and placed in a metab- 
olism cage. Water was given ad libitum but no food, and the measurements were re- 
peated the following morning on aU survivors. 

Each dog was weighed before the experiment, at the end of the first day and 
before being put on the board the second morning. Inmost of the animals the bladder 
was emptied and washed out through a catheter immediately before starting the 
infusion; urine was collected during and following the administration of saline. The 
overnight urine loss as well as th6 amount of water drunk during the night were 
measured roughly on all except a few dogs. 

The plasma volume was determined, using tlie dye T-1824 and the method 
described by Gregersen and Stewart (16) . The dye was injected into the right jugular 
vein. For the control volume samples were drawn from the left jugular vein, while 
those for volumes measured on the following day were drawn from a femoral artery. 
The optical densities of the dye samples were determined with a Konig-Martens 
spectrophotometer (17). Semilog plots of the optical densities were used for calculat- 
ing plasma volumes (18). Hematocrit values were obtained by centrifuging heparin- 
ized blood samples in Wintrobe tubes for 30 mmutes at 3000 r.p.m. (radius 13 cm.). 
The total blood volume was calculated in the usual way (i8a), using 0.96 as the correc- 

^ Two parts of methyl methylene para amino phenylforraate and s parts of hydroxybenzo- 
carbinol in refined almond oil. Caso Laboratories, New York City. 
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tion factor for the plasma trapped among the erythrocytes (19). The plasma protein 
concentration of each sample was measured with an Abbe refractometer (20). 

. The direct, Fick method was used for determining the cardiac output. Arterial 
blood samples were drawn from a femoral artery into syringes rinsed with heparin 
solution. To obtain mbced venous blood a catheter, attached to a saline manometer, 
was inserted through the left jugular vein and manipulated into a position which, 
according to the criteria used, was considered to be in the right ventricle. The depth 
of the catheter, the characteristic impact of systole felt and seen along the tube and 
the manometric readings were the criteria used in judging the position of the catheter. 
For the determinations made during the control period and after the infusion the 
pressure readings were always between 20 and 10 cm. saline, and the systolic impact 
was firm and forceful. For the post-hemorrhagic determinations, however, the impact 
was feeble and the pressure was about zero. On the second day of the experiment the 
catheter’s position was confirmed at autopsy and, in all except 3 animals, the tip of 
the catheter was found in the right ventricle. In one of these the tip of the tube was 
in the vena, cava at the entrance to the auricle, and in the other two it was in the 
pulmonary artery. In order to avoid the presence of saline from the manometer in 
the blood samples the catheter was first flushed out by withdrawing 10 cc. into a 
separate S5’Tmge. After obtaining the mixed venous sample the 10 cc. of saline and 
blood were returned. Throughout the experiment tlie dripping of saline from the 
manometer’s reservoir into the vascular system was prevented except during the 
control period when not more than 3-cc. passed through the catlieter. Clamping off 
the catheter from the manometer after the former was filled with saline stopped the 
flow. This was sufficient to prevent clotting in the tube. 

Arterial and mixed venous blood samples were analyzed for their respective O2 
contents b}*- the Roughton and Scholander method (21). Analyses were made from 
6 to 8 hours after obtaining the blood, the samples being stored as described by 
Roughton and Scholander. In agreement with these investigators, the precision of 
measuring O2 content on the same blood sample was found to be ± 0.2 vol. per cent. 

Oxygen consumption was measured by means of a Benedict-Roth spirometer. 
The dog breathed through a Blalock mask. Great care was taken in the application 
of the mask and in holdmg the dog’s head during recording.periods in order to avoid 
a leak around the muzzle. The concentration of O2 within the spirometer was main- 
tained at 35 ± 5 per cent by filling the gas chamber about one seventh with pure O2, 
the remainder being room air. Three minutes after starting to record O2 consumption 
the first venous, sample was drawn, followed 20 seconds later by an arterial blood 
sample. Without changmg the arrangement in any way, another pair of samples was 
drawn two minutes later. The O2 contents of the two arterial samples were averaged, 
as were the two venous O2 contents, and the difference between the averages used in 
calculating the cardiac output. 

RESULTS 

Changes in Fluid, Volumes, Hematocrit Vahies and Plasma Protein Concentration. 
Of the 27 dogs studied, 23 survived. The second day of each experiment the survivors 
were alert, responsive and walked and trotted when led from their cages. 
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Figure I shows the mean values 6f most of the fluid exchange data which were 
obtained from the 23 survivors. The average weight was 7.75 kg., the range extending 
from 4.8 to 1 1. 3 kg. Urine outputs and water intakes though measured were not 
averapd because the range of variation was too great for the values to be significant. 
In spite of removing an average volume of 326 cc. of blood (42 cc/kg.) during the 
hemorrhage and of injecting an hour later an average of 1170 cc. of saline (151 cc/kg.), 
the mean weight increase at the end of the first day was only 0.25 kg. All dogs which 



TIME IN HOURS 

Fjg. I. Efi'£CT of iiEMORKHAGE and saline infusion on body weight, plasma volume, plasma 
protein concentration and hematocrit value in experiments on 23 surviving dogs. Average values are 
indicated by the characteristic points and average deviation is shown by the vertical line drawn 
through the point. Time values also represent averages. 

survived showed a considerable diuresis which began within an hour after the start 
of the infusion. The rate of outflow increased until in some experiments more than 
250 cc. was collected in the third hour. Even taking into account the urine output, 
the weight at the end of the day is lower than might be expected. The unmeasured 
loss of water from the lungs and skin would account for this. No diarrhea or vomiting 
was shown during the day by any of the dogs w^hich survived. The diuresis continued 
throughout the night. When placed in his cage at the end of the first day each dog 
immediately drank several hundred cc. of water. During the night much more was 
ingested. Although the volume of fluid exchanged overnight varied considerably in 
different animals, the weight the next morning consistently showed a loss which 
averaged 0.2 kg. less than the average control weight. 
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The plasma and blood volumes, measured one hour before the hemorrhage, 
averaged 52 db 4 cc/kg. and 94 ± 7 cc/kg., respectively. On the day after the m- 
fusion the plasma volume of every survivor, with the e,xception of one dog, showed an 
increase, the mean value reaching 60 dr 4 cc/kg. The red cell volume, however, was 
so greatly reduced by the bleeding that tlie average total blood volume measured the 
next day was only 79 ± 6 cc/kg. 

The plasma protein concentration fell from an average control value of 6.1 db 0.5 
gm. per cent to 4.9 =b 0,4 gm. per cent one hour after the hemorrhage and after the 
saline infusion it was further reduced to 3.3 =b 0.4 gm, per cent. One would expect 
both of these changes, the first resulting from the compensator)' dilution of the blood 
by the tissue fluids during and after hemorrhage, and the second resulting from the 
dilution of plasma by the saline infusion. The mean hematocrit values which are also 
listed in table i show the same relative changes. On the following day, however, the 
plasma protein concentration was found to have increased significantly but the hema- 
tocrit value remained about the same. 



Fig. ?. Heart rate and btood tressure changes during a tj-pical c.tperiment; values of a 
single dog, m. 4. 

Circulalory and Oz Comwnplion Changes. The two curves in figure 2, representing 
t3'pical fluctuations in blood pressure and heart rate, were taken from the protocol of 
experiment 4. After the hemorrhage, the mean arterial pressure fell from a control 
value of 120 mm. Hg to 60 mm. Hg. In many instances the fall was greater. In this 
dog the pressure remained low, 40 to 50 mm. Hg, until the infusion started, whereupon 
it rose rapidly. By the end of the infusion the value was about 115 mm. Hg where it 
remained during the rest of the first day. The heart rate invariably rose after the 
hemorrhage; in the animal shown in figure 2 it rose from 96 to 156 beats per minute. 
It continued to increase to iSo until the infusion was given, after the start of which 
it decreased, leveling off first at 140 and later at 120. On tlie following day the heart 
rate was 170, and the blood pressure was 90 mm. Hg. The variations in blood pressure 
and pulse of all the survivors were of this order, and especially consistent were die 
second day’s findings that the heart rate was 70 to 100 beats per minute above and 
the blood pressure 20 to 30 mm. Hg below the control value. 

Mean values and standard deviations for other circulator)' changes and for O2 
consumptions are shown in table i. The latter when measured about 15 minutes after 
hemorrhage was found to have decreased an average of 26 per cent. Thereafter, it 
began to recover in 14 animals but remained the same or fell still lower in 9 dogs. 
The determinations which were made directly after saline infusion showed an increase 
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in 13 animals. By calculating the O2 consumption on the basis of cc/min/kg,, the 
range of variability was reduced from a standard deviation of about 5 per cent to one 
of about 3 per cent.^ Little improvement was shown in the metabolic rate according 
to the final determinations made on the first day, but on the second day the O2 
consumption of all except 5 dogs exceeded the control levels. The control O2 con- 
sumption values for 4 of the 5 dogs were unusually high. Since the heart rates of 
these animals were also high, there seems little question that the animals were ex- 
cited during the control period. 

The hemorrhage did not greatly alter the arterial O2 content, but, as expected, 
the venous O2 content was greatly reduced. Thus, an average A-V O2 difference of 


Table 1. Epeects of hemorrhage and saline infusion on O2 consumption, hematocrit value, 

ARTEPLAt ,AND \'ENOUS 0 ; CONTENT, CARDIAC OUTPUT AND PERIPHERAL RESISTANCES 



SErom; 

HEirORRHACE 

J HR. AFTER 
HEMORRHAGE 

I HR. after 
HEMORRHAGE 

i HR. AFTER 
IKFUSIOS 

HR. AFTER 
IKFtJSION 

Ipl HR. AFTER 
IKFUSION 

Os consumed 
cc/min/hg. 

II. I ± 1.5 

8.2 ± 1.4 

9.3 db 1.2 

9.9 dr 1.4 

9.8 rfc 1.0 

II. I db 1.6 

Hematocrit 

%R.B.C. 

43.2 =b 4-1 

38.9 ± 3.9 

38.9 ± 3.5 

22.5 rir 2.8 

1 

24.3 dr 3.0 

25.2 dr 2.4 

Arterial 0 » 
vol % 

iS.i ± 1.6 

16.0 ± 1.7 

16.4 db 1.5 

9.2 dr l.o 

9.7 db I. I 

9-9 ± I. I 

Mixed venous 
Os vol. % 

13.8 ± 1.8 

4.0 db 1.8 

4.9 db 2.2 

5.2 db 1.4 

S -3 =b l.I 

5-7 =b 1.3 

Cardiac out- 
put 

cejmin/kg. 

274 ri: 54 

74 ± 22 

86 ± 21 

265 ± 58 

1 

229 rb 44 

274 dr 65 

Peripheral re- 
sistance 
A.U. 

5400 ± 1500 

5900 zfc 1600 

4900 dr 1 100 

5100 dr 1300 

5400 dr I 100 

3800 dr no 


The quantities represent mean value with average deviations from the mean and were ob- 
tained from measurements on 23 surviving dogs. Time values arc also averages. 

Peripheral resistance = ^ djnes^econd 


A. U. = Absolute Units, 

12.0 vols, per cent was observed in contrast to the average control difference of 4-3 
vols, per cent. After the infusion the arterial O2 content was decreased an average 
of 7.2 vols. per cent by the dilution of the blood. Since changes in arterial O2 followed 
closely the changes in the concentration of red cells, it may be inferred that the 
percentage saturation of the arterial blood remained relatively unchanged. The 
average venous O2 content increased only slightly before the start of the infusion, 
from 4.0 to 4.9 vols. per cent, and continued near this latter value throughout the 
rest of the day. The cardiac output, reduced to 27 per cent of the control value by the 
bleeding, showed a slight improvement in 14 of the animals during the hour following 
hemorrhage. After saline infusion, however, the increase above pre-infusion levels 
was striking. In ii dogs the cardiac outputs were higher than the control value, the 
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average for all 23 dogs being only 4 per cent below tlie average control value of 274 
cc/min/kg. Thus, with the lowered arterial O2 concentration and with the venous O2 
concentration maintained by die improved outflow of blood from the heart, the A-V 
difference was decreased to the control range. This favorable condition continued not 
only for one hour after the infusion but was found to be about the same the following 
morning, some 19 to 21 hours after blood loss. At this time the average A-V difference 
was still approximately 4.4 vols. per cent, and the mean value for the cardiac output 
was the same as the mean control value, 274 cc/min/kg. . 

Peripheral resistance was calculated according to the method described by 
Wiggers (22) and the values obtained are included in table 2. There was a wide varia- 
tion of response as shown by the large standard deviations. In most of the dogs, how- 
ever, the resistance increased after the bleeding. Tlie average control value for all 
survivors was 5400 A.ir., which increased to a post-hemorrhage v'alue of 5900 a.u. 
During tlie hour before the saline there was a decline to an av-erage of 4900 A.u. 
The measurements following the infusion showed the changes to be highly individual, 
the mean value being 5100 A.u. immediatelj'’ afterwards and 5400 a.u. one hour later. 

Table 2. Mean values and AVi;RAGE deviations froii the icean of towvl amounts 

OF aRCDLATI.NG PLASMA PROTEIN 


NO. or 
sxrR\av- 
IKC 

T.P. (a) 

T.P. (b) 

T.P. (c) 

IKCEEASn IN T.r. 

DOGS 


Smt, 


ems. sn./if. 

23 

24.8 ± 4.6 

II. 4 zb 2.6 

18.7 ± 3.8 

7.2 ± 2.4 0.9 d: 0.2 


T.P. (a) = Total plasma protein calculated from plasma volume and plasma protein con- 
centration measured during the control period. T.P. (b) == Total plasma protein lost during the 
hemorrhage. T.P. (c) = Total plasma protein calculated from measurements made on the 
following morning. 


On the following day eveiy dog, with one e.xception, showed a decrease in peripheral 
resistance. The average value at tlrat time was 3S00 a.ts. 

In preliminary experiments (15), 2 dogs, which were given saline equal to iS per 
cent of the body weight, dev’-eloped pulmonary edema. Howev'er, in the experiments 
reported in which saline amounting to 15 per cent of the body weight was administered 
the only marked edema seen was in tlie paws and around the eyes. These signs had 
disappeared by the following morning. 

The various determinations made on the 4 non-survdvmrs showed v^alues not 
strikingly different from the averages for the survivors. No common denominator 
could be found which would account for aU four deaths. Dog 25 had a blood pressure 
of 100 mm. Hg and a heart rate of no beats per minute at the end of tlie first day. 
He died about 21 hours after the hemorrhage. Autopsy revealed no cause. Dogs 24 and 
26 rallied only temporarily from the post-hemorrhagic hj^potension. Their mean 
pressures rose to 90 and 60 mm. Hg respectively, but half way tlirough tlie saline 
injection the pressures began to fall. Vflien put in their cages the pressures were 45 
and 18 mm. Hg respectively. No urine could be collected from the bladder; instead 
profuse diarrhea appeared. The same response was shown by dog 27 except that the 
mean arterial pressure was better maintained and some urine was formed. In this 
instance fluid was lost by vomiting as well as by diarrhea. 
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DISCUSSION 

Since 23 of the 27 dogs survived it is of interest to consider how many might have 
lived if no saline infusion had been given after the hemorrhage. It has been found by 
Wang et al. (23) that 50 per cent survival (L.H.eo) can be expected if there is a resid- 
ual blood volume of 59 cc/kg. one hour after the hemorrhage. In the experiments 
reported in this paper the blood volume was not measured after the bleeding. There- 
fore the post-hemorrhagic residual blood volume can only be roughly estimated. With 
an average control blood volume of 94 cc/kg. and an average hemorrhage volume of 
55 cc/kg., an uncompensated residual blood volume of 39 cc/kg. would have been 
expected. However, during the bleeding, tissue fluid enters the blood vessels, diluting 
the serum proteins. Walcott (24) found that in 23 dogs the compensatory reserves 
involved in the early restoration of blood volume ranged from 3 to 18 per cent of the 
control blood volume, the average being 10.7 per cent. This mean value has been used 
in Walcott’s formula to estimate the residual blood volume at the time of the start 
of the saline infusion for each dog used in these experiments: 0.107 B.V. + (B.V. — 
H.V.) in which B.V. represents control blood volume and H.V., hemorrhage volume. 
The average calculated residual blood volume for all of the dogs was 61 cc/kg. for 
which, according to Wang’s figures, a 58 per cent survival might be expected. Even 
though this estimated residual blood volume is a rough approximation the survival 
of 23 out of 27 dogs indicates that the infusions were of therapeutic value. 

Direct evidence of the benefidal effect of saline on the survival rate of hemorrhage 
dogs was obtained from experiments on 6 animals (25) which were subjected to a 
Walcott hemorrhage (14). Except for the fact that no saline infusions were given to 
these 6 dogs the experimental conditions were the same as for the 27 dogs whose 
data are being reported in this paper. Only one dog was alive 24 hours after the 
bleeding. The other $ died within 2 to 5 hours after the hemorrhage. 

Approximately 20 hours after the end of the saline infusion the plasma volume 
averaged 8 cc/kg. greater than before the hemorrhage. Plasma volume changes before, 
during and after the infusion can only be inferred from changes in plasma protein 
concentration and hematocrit values. The similarily in the changes of these two 
throughout the first day of the experiment show that tlie plasma compartment in- 
creased during the infusion and declined slightly when the inflow was stopped. 

On the following day the average plasma protein concentration had increased 
significantly more than had the average percentage of red cell volume. From the 
measurements on each dog calculations were made of the total amount of plasma 
protein in d) the control plasma volume, b) the plasma lost during hemorrhage, and 
c) the post-infusion plasma volume. Averages of these calculations appear in table 2. 
When allowance is made for the amount of protein lost during hemorrhage, the 
total plasma protein found on the second day was in each instance larger than might 
have been expected. The average increase was 0.9 gm/kg. These results show that the 
significant uicrease of the plasma protein concentration on the day after hemorrhage 
was caused partly by the addition of protein to the circulation rather than entirely by 
a loss of plasma. The experiments of Beard el al. (26) and those of Stewart and Rourke 
(27) showed similar results when normal salt solution was injected intravenously 
following a hemorrhage. Ebert el al. (28) found that the plasma protems increased 
after hemorrhage even though no transfusion was given. 
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From the average hematocrit values in figure i it am be seen that on the day 
after bleeding tlie percentage of red cells was approximately equal to the value 
found after infusion. This does not necessarily mean that the plasma volume remained 
unchanged, for according to Huber (29) the total red cell volume decreased 24 hours 
after hemorrhage. Probably a similar change occurred in these experiments. 

Objection to tlie use of saline as a blood substitute lias been raised on the grounds 
that it is too easily lost from the circulatory S3^stem, thus yielding only a temporarj’- 
increase in blood volume. As is well known sodium and chloride ions and water are 
freely diffusible through capillar}^ walls, and so, limited only by the diffusion gradients 
of tlie ions, saline can move quickl}’’ into the tissue spaces which are dehydrated by 
exsanguination. Stewart and Rourke (27), who gave humans large isotonic saline 
injections over a period of 8 da}'s, found tliat the salt solution was held in the extra- 
cellular fluid compartment. They did not measure how long saline is retained after 
the end of the infusion. 

In the present ex-perimenls saline equal to almost twice the control blood volume 
was infused. The mean arterial pressure never rose above 125 mm, Hg. Much of the 
injected solution probably entered the interstitial spaces and remained there for at 
least a few hours. This is confirmed b}'^ the observed increase in the weight of the 
animals and the presence of cutaneous edema. Twentj’^ hours later, however, the 
extensive diuresis, the weight loss and the disappearance of the edema indicate a 
general fluid loss, which is probably extracellular. The success with large volumes of 
isotonic fluid has been explained bj' Warren, Merrill and Stead (13) who suggest 
tliat when enough saline fills the interstitial compartment, the tissue pressure is 
raised high enough to oppose the capillarj' lij'^drostatic pressure. This, tliey believe, 
helps to retain saline in the vascular bed so that the blood volume cannot onl^' be 
restored but also can be maintained at a normal level. In the e.\'periments reported 
in this paper it appears that though a similar equilibrium between hj’-drostatic and 
tissue pressure may have been reached toward tlie end of the saline infusion, most 
of tlie infused solution had been lost by tlie next day. 

The events which occur in the exsanguinated dog result from tlie actual loss of 
blood volume. Alterations in the cardiac output (30, 31), O2 consumption, venous 
O2 content and other chemical (32), as well as clinical (i8a), observations indicate a 
reduced blood flow tlirough the tissues, thus bringing about the development of stag- 
nant anoxia (30). The data reported in tliis paper indicate tliat isotonic saline ad- 
ministered in sufficiently large amounts restores the total blood flow, for after the 
infusion the heart, on the average, expelled as much blood as it had before the hemor- 
rhage. To be sure, the O2 content of arterial and \’enous blood remained low, but tlie 
significant point is that the A-V O2 difference was restored to tlie normal value. The 
venous O2 content is maintained by the improved blood flow rather than by lack of 
O2 utilization. There was close agreement in all arterial O2 measurements between the 
hematocrit value and the O2 content. Thus, at all times the blood received by the 
tissue cells was of a high percentage saturation. In venous blood, however, the O2 
tension fell to low values after the hemorrhage but was restored by the increased 
cardiac output to normal limits following the infusion. The next morning this im- 
proved cardio-vascular condition was still present. The cardiac output and the 
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venous O2 content had increased slightly. Oxygen consumption was restored to the 
control rate. In spite of the fact that tire total blood volume was still 16 per cent below 
the control measurement, considerable circulatory recovery had taken place. 

In the experiments reported here not only was the proportion of surviving 
dogs high but not one of the dogs which lived developed any of the clinical symptoms 
of shock, such as apatliy, pale, dry mucous membranes of the' mouth, cold limbs or 
collapsed veins (33). The fact that the saline infusion was started as early as one hour 
after the severe hemorrhage may have prevented the development of the metabolic 
changes which lead to a condition of shock. By increasing the total systemic blood 
flow during the hours just after hemorrhage the saline administration may have helped 
the animal through a critical period until its own defense mechanisms, such as addi- 
tion of protein to the blood, could be brought into play. On the following day, though 
little of the infusion fluid remained, the cardiac output was sufficiently restored so 
that with adequate care and feeding each dog probably could be returned to a healthy, 
normal condition in time. 


SUMMARY 

A study has been made of the effects of hemorrhage and of an intravenous in- 
fusion of a large volume of isotonic salt solution on the circulatory system. Calcu- 
lated residual blood volumes average 61 cc/kg. one hour after hemorrhage. Neverthe- 
less, 23 of the 27 dogs survived. In she control experiments 5 dogs died within 2 to 5 
hours after the hemorrhage. 

The average hematocrit reading was decreased by the saline infusion. Eighteen 
hours later it had not varied significantly from this post-infusion level. Average values 
for plasma protein concentration showed a, similar decrease following the saline in- 
fusion but had increased significantly the following day (fig. i). Calculation of the 
total circulating plasma protein showed that after hemorrhage an average of 0.9 
gm/kg. of body weight had been added to the blood. After infusion the plasma volume 
averaged 8 cc/kg. above the control value, but the total blood volume was 15 cc/kg. 
below the control value. The dogs drank copiously and excreted large volumes of urine. 

The average cardiovascular changes can be seen in table i. Oxygen consumption 
showed an average reduction of 27 per cent following hemorrhage but after the in- 
fusion it was only 10 per cent less than the control values. By the next day the average 
O2 consumption was the same as the control rate. The average control cardiac output 
of 274 rfc S4 cc/min/kg. was reduced to one fourth immediately following hemor- 
rhage. The saline inflow brought it up to 265 ± 58 cc/min/kg., and the following 
day it was 274 dc 65, the same as the control output. In accord with the hematocrit 
changes, the average arterial O2 content fell after the infusion from 16.4 to 9.2 vols. 
per cent, being slightly increased on the second day. The venous O2 content, though 
lowered from 13.7 to 4.0 vols. per cent by the bleeding, rose after the infusion to 5.2 
vols. per cent and remained in that range. Thus, the average A-V O2 difference in- 
creased from a control of 4.3 vols. per cent to one of 12.0 vols. per cent after hemor- 
rhage. The infusion restored it to 4.0 vols. per cent and it was not significantly changed 
24 hours later. These circulatory changes induced by the large saline infusion offer an 
explanation of the beneficial effects observed. 
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EFFECTS OF CHANGES IN BODY TEAIPERATURE AND 
INSPIRED AIR HUMIDITY ON LUNG EDEMA AND 

HEMORRHAGE^ 

F. J. HADDY, G. S. CAMPBELL and M. B. VISSCHER 
Frovi the Department of Physiology, University of Minnesota 

iONNEADOLlS, MINNESOTA 

U SING the resistance breathing method described by Zinberg, Nudell, 
Kubicek and Visscher (i), production of pulmonary edema appeared to be 
increased when dogs spontaneously developed hyperthermia on warm humid 
days (2). On cooler days, when hyperthermia was intentionally produced by having 
the animals breathe 100 per cent humidified air warmed to 37° C., severe pulmonary 
edema again developed. In order to determine whether the warm humidified air or 
hj’perthermia was the causative factor, it was decided to use guinea pigs where 
variables could be more easily controlled. Sussman, Hemingway and Visscher (3) 
have sho^vn that guinea pigs subjected to artificial respiration of 20 mm. Hg positive 
pressure insufflation by tracheal cannula for 3 to 6 hours regularly develop pulmonary 
edema. Usmg shorter time periods and slightly lower pressures to create minimal 
edema, the animals reported in the paper were studied in regard to environmental, 
body and airway temperature in addition to the humidity of the air breathed. Hall 
and Wakefield (4), Jacobsen and Kiyoshi (5) and others mentioned pulmonary edema, 
hemorrhage and congestion among tlie pathological findings at autopsy in a small 
percentage of animals subjected to h3^erthermia. Malamud, Haymaker and Custer 
(6), in a clinico-pathological study of 125 human victims of heat stroke, reported 
elevated lung weight due to hemorrhage, edema and congestion in all cases. Cardiac 
hemorrhages were also frequently present, confirming previous findings of Wilson (7). 

METHODS 

Adult guinea pigs of both sexes weighing between 228 and 729 gm. were employed. 
They were anesthetized with intraperitoncal sodium pentobarbital, 3.0 mg/ioo gm. 
Artificial respiration by positive pressure tracheal cannula insufflation was main- 
tained throughout. The maximum pressure of insufflation was 18 mm, Hg. Expira- 
tion was passive, at atmospheric pressure. Two animals, closely paired for weight, 
were studied simultaneously on the same respiration pump. One animal acted as a 
control breathing room air while the second animal, in Series I of the experiment, 
was required to breathe 100 per cent humidified air warmed to its body temperature 
from a humidifier interposed in the respirator system. In Series II, the second animal 
was placed in a warming box to produce hyperthermia while breathing the same room 
air as its control. In Series III, the second animal breathed warm humidified air in 
addition to being subjected to the elevated environmental temperature of the warm- 

Rcccivcd for publication May 23, 1949- 
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HYPERTHERMIA AND PULMONARY EDEMA 

ing box. The body and respiratory ainva)’- temperatures of both animals, m addition 
to the room and warming box temperatures, were recorded at 15-minute intervals. 
The state of the lungs at autopsy was assessed by lung to body weight and lung to 
ventricle weight ratios as well as by gross e.xamination. Lung weights referred to 
herein represent combmed weight of the lungs. 

RESULTS AND DISCUSSION 

The lung weight/body weight and lung weigh t/ventricle weight ratios shown in 
table I reveal that an occasional control animal, subjected to artificial respiration at 
18 mm. Hg, develops significant pulmonary edema within 3 hours. Previously pub- 
lished observations from this laboratory (8) show that the normal lung weight/body 
weight ratio in 26 guinea pigs ranging in weight from 246 to 395 gm. with a mean 
weight of 310 is 0.0072 immediately afterlight anesthetization. Thus the three series of 
‘control ’pigs in this study which were treated with positive pressure artificial respira- 
tion and had mean ratios of 0.0094, 0.0086 and 0.0089 showed evidence of moderate 
edema. The same inference can be drawn from the lung weight/ventricle weight 
data. In the previous study (8) this ratio vras found to be 2.41 in the 26 animals 
killed immediately after anesthetization. The mean ‘control’ values in the present 
study all show some elevation above this figure. Thus the stresses of hyperthermia 
and humidified air are superimposed upon a condition which itself produces slight to 
moderate edema. The effects of the added stresses are evident in the differences be- 
tween the control and experimental values in each series. It will be noted that this 
difference in Series I is 5 X 10“^ for the lung/body weight ratio, and 0.13 for the 
lung/ventricle weight. Neither of these differences has statistical significance, the 
respective P values according to Fisher’s method being 0,45 and 0,75. On the other 
hand the differences between the control and experimental values in Series II are 
great, in the case of L/B the difference in the means shows P = o.oi and for L/V, 
P is between 0.02 and 0.05. Likewise in Series III for the difference in means for 
L/B, P<o.oi and for L/V, P<o.o2. Thus in both cases the experimental pro- 
cedure increased lung weight significantly. There is not a significant difference between 
the two experimental groups in Series II and III. The morphologic observations 
upon the lungs showed that edema, congestion and hemorrhage contributed to the 
lung weight increases. The data at hand do not allow one to determine the precise 
fractions due to each, but the notations in table i indicate that in some cases there 
was massive edema with only slight congestion or hemorrhage. 

It seems to be established that hyperthermia favors the production of the 
pulmonary lesions observed, and that the humidity of the inspired air is a factor of 
no great consequence. The mechanism by which hyperthermia may act to produce 
the above changes has not been elucidated. It may be pointed out that in the ex- 
periments on dogs, referred to above (2) measurements of pulmonary vascular 
pressures (9) showed that the pulmonary venous pressure rose most sharply when 
the body temperature was elevated. This finding would be consistent with the 
h3q)othesis that left ventricular failure was induced by hyperthermia. The pul- 
monary lesions could be accounted for on this basis. 
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SUiBrARY 

Under the conditions studied, h3'perthermia favored the production of pul- 
monary edema, hemorrhage and congestion in guinea pigs. The humidity of the 
inspired air was a factor of no great consequence in the production of pulmonary 
lesions in these studies. 
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PERSISTENT UNILATERAL RENAL HYPERTENSION IN 

THE RABBIT^ 

J. FLASHER, D. R. DRURY and S. SOBIN 
From the Department of Physiology, School of Medicine, University of Southern California 

LOS ANGELES, CALIEORNLA 

S INCE the work of Goldblatt, the role of the kidney in hypertension has been 
extensively reinvestigated in various laboratory animals. The effect of hyper- 
tension per se on the kidney has received scant attention experimentally. If 
this were to be studied in animals with renal hypertension, it would be necessary 
to use animals with, what we have called, unilateral renal hypertension — that is 
hypertension due to the manipulation of one kidney or its blood supply without 
removing the other kidney. We are presenting the successful production of unilateral 
renal hjTpertension in the rabbit. 

Most of the work in experimental renal hj'pertension has been done in the dog, and, unfortu- 
nately, in this species the manipulation of both kidneys is almost always necessary in order to get 
a persistent hypertension (1-5). Persistent unilateral renal hypertension has been produced in the 
rat (6-9). These experiments have been questioned by some because of the purported occurrence of 
‘spontaneous’ renal disease (10, xi), and even ‘spontaneous’ hj-pertension (10) in this animal. Also, 
the reliability of the methods for determining blood pressure in these e.xperiments is in some doubt 
(12-14). Unilateral renal hypertension has been reported in the rabbit (15-20), but this work has 
received scant attention. Possibly the inadequacy of the data pertaining to the persistence of the 
hjqDertension, the subjectivity of the blood pressure methods used, or the uncertainty of a truly 
unilateral origin of the renal hj'pertension accounts for the lack of recognition of these experiments 
(2, 3, 8, 9). At any rate, the apparent absence of spontaneous h,\-pertension in the rabbit, suggested 
the latter as a suitable animal for this study. 

METHODS 

Production of Renal Hypertension. We have produced persistent renal hyper- 
tension by the application of a pre-formed latex capsule to one kidney, Sobin (13) 
introduced the latex capsule for the purpose of producing hypertension in the rat 
by bilateral renal application; and Abrams and Sobin (21) did a few bilateral renal 
encapsulations in the rabbit but did not observe the blood pressure. They did note 
that the perinephritis due to latex in the rabbit was similar pathologically to the 
perinephritis due to latex, silk or cellophane in the rat. These foreign substances 
produce a fibrocoUagenous perinephritic hull that apparently compresses the kidney 
through cicatricial contraction. We chose latex encapsulation instead of silk or 
cellophane encapsulation or instead of renal arterj'- constriction, only because it 
appeared to be the technically simplest way to get hjT^ertension in a large percentage 
of animals. 

Received for publication March 30, 1949- 
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Kidney-shaped glass forms were blown from tubing i cm. in external diameter. 
There was a ver}’- slight indentation at the ‘hilum’. They were made in three sizes 
to simulate the kidneys of rabbits weighing approximately. 4 to 6 pounds. The forms 
were dipped in liquid latex- two or three times at about one-hour intervals. Some- 
times an additional layer of latex was painted on at the ‘hilum’. The latex capsule 
was removed from the glass form by gradually working water under the capsule 
and then stretching it off. The capsules were then dried and powdered with talc 
to prevent adherence of opposing surfaces (the capsules were inverted during this 
procedure). When needed, they were washed with and sterilized in 70 per cent ethyl 
alcohol and were applied ‘wet’. 

Under ether anesthesia, the left kidney was exposed by an anterior (trans- 
peritoneal) or posterior (extra-peritoneal) approach; the adipose capsule and renal 
fascia were stripped off. The index and middle fingers of both hands supported the 
medial side of the kidney while the stretched capsule was slipped on with an inverting 
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Fig. i-ilejt) Relative frequencv (abscissa) of various levels of the highest systolic abdominal 
blood pressure in mm. Hg (ordinate) of g control animals (solid bars) and 15 rabbits that developed 
hypertension after the latex encapsulation of one kidney (open bars). 

Fig. 2. {rishl) Relative frequency (abscissa) of various levels of the highest mean ear blood 
pressure in mm. Hg (ordinate) of 12 control animals (solid bars) and 10 rabbits that developed 
hypertension after the latex encapsulation of one kidney (open bars). 


maneuver by use of the thumbs. The capsules usually fitted a bit loosely, but a few 
fitted rather snugly. There was no constriction of the hilar structures by the stem 
or ‘hilum’ of the latex capsule at the time of application. The right kidney or its 
blood supply was not removed or manipulated. 

Blood Pressure Measurement. Blood pressure was determined by two methods, 
an indirect and a direct. The former was the abdominal cuff method. Fahr (22) intro- 
duced the method, but McGregor (23) has modified and standardized it. The animal 
was tied down on its back and the cuff was wrapped around the abdomen; the systolic 
and diastolic blood pressures were determined by auscultation over the aorta under 
the distal edge of the cuff. In 1120 determinations in 84 normal rabbits, McGregor 
found the average systolic blood pressure to be 125 mm. Hg, with a range of 90 to 
160 mm. Hg. Although this does not represent the true abdominal aorta blood pres- 
sure, it bears quite a constant relation to it (24). In 56 determinations in 14 control 
rabbits we noted a systolic blood pressure over 160 mm. only once, when it was 
164 mm. Hg. Because we were desirous of studying animals that were truly hyper- 
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tensive, rather than merely defining the lower limit of hypertensive blood pressures, 
we only considered a systolic abdominal blood pressure of i8o mm. Hg or more to 
be a 'hypertensive’ reading. 

In most of our animals, the blood pressure was also determined by a second 
method. The Abbit was placed in a simple warming chamber, and after the central 
artery of the ear became well dilated, arterial puncture was easily performed with 
a 22-gauge needle. The mean blood pressure was then observed on a small bore 
inercui^^ manometer. The method was standardized on 12 normal rabbits; 29 deter- 
minations ranged from 60 to 93 mm. Hg. Landis, Montgomery and Sparkman (24) 


Table i 

Rabbit 187: Latex capsule applied on July 9, 1948. Note spontaneous remission in hypertension after 
Aug. 30, ’48. 

Date: 7/24/48 S/14 8/19 8/2S S/30 9/23 10/7 ro/rS 11/9 

Abdom. B. P.: 170/120 170/125 195/150 140/98 162/92 

EarB.P.: 105 122 84 79 


Rabbit 153: Latex capsule applied on Mar. 6, 1948. This animal was used for 
on May 5, ’48. 

Date: 3/S/48 3/13 3/20 3/26 4/1 

Abdom. B.P.: 145/100 142/100 130/100 184/? 176/128 

Date: 4/14 4/17 4/21 4/24 

Abdom. B.P.: 208/154 198/146 216/134 

EarB.P.: 112 


another experiment 

4/3 4/13 

194/? 230/150 

4/29 S/i 

204/168 

106 


Rabbit 171: Latex capsule applied May 6, ’48. Animal was used for another experiment on July 21, 
’48. Note fluctuating nature of the hj'pertension. 

Date: 5/11/48 s/22 5/25 6/4 6/7 6/23 6/25 7/13 7/16 

Abdom. B.P.: 182/140 143/? 194/142 164/114 

EarB.P.: 91 84 103 107 107 

Rabbit 174: Latex capsule was applied June 8, ’48. Animal is still under observation. 

Date: 6/18/48 6/29 7/13 7/14 7/29 8/5 8/21 S/26 

Abdom. B.P,: 148/114 164/128 204/160 245/196 215/165 205/155 

EarB.P.: 139 124 

Date; 8/30 9/23 10/7 10/18 11/2 11/18 1/26/49 

Abdom. B.P.: 240/160 194/? 204/164 198/158 186/150 

EarB.P.: 132 109 


using a somewhat similar method, found a systolic blood pressure range of 70 to 98 
mm. Hg. Again, we did not consider a mean ear blood pressure as ‘hypertensive’ 
unless it was at least 100 mm. Hg. Furthermore, when we speak of a ‘hypertensive’ 
animal, we are referring only to those that have had at least two hypertensive read- 
ings on different days by one or both of the above blood pressure methods. 


RESULTS AND DISCUSSIONS 

Twenty-two rabbits thus far have survived the latex encapsulation procedure. 
Fifteen of them or just over two thirds, have developed hypertension (figs, i and 2). 
The highest mean ear blood pressure we recorded was 148 mm. Hg, and the highest 
systolic abdominal blood pressure was 245 mm. Hg. The first hypertensive reading 
usually was noted between the 15th and 66th day after renal encapsulation, but in 
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one rabbit the first h3TDertensive reading did not occur until the 120th day after 
surgery, and in another rabbit it occurred as earl5»- as the 5th post-operative day 
(blood pressures were not taken during the first few post-operative days). In the 
latter rabbit, one would surmise tliat the latex capsule itself or its contained exudate, 
rather than a contracting perinephritic hull, compressed the kidney and so initiated 
the h)T)ertension. 

Nine of the 15 hypertensive rabbits were used for another experiment 18 to in 
days after their first h5T)ertensive reading. Of the remaining 6, one died 47 days after 
the first hypertensive reading, 2 had a spontaneous and apparently permanent 
remission ii to 34 days after the first hypertensive reading, and the other 3 are still 
exhibiting hypertension 115, 116 and 125 days after the first hypertensive reading. 
This represents a considerable period of time in the life of a rabbit, so we feel justi- 
fied in referring to this as persistent unilateral renal hypertension. In table i we 
have included the protocols of 4 of the hypertensive rabbits, as representative of 
that group. 


CONCLUSIONS AND SUMAIARY 

Persistent unilateral renal hypertension has been produced in the rabbit. A 
latex capsule was put on one kidney and the other kidney or its blood supply was 
not manipulated. This preparation may have usefulness in the study of the effects 
of hypertension per se on the normal kidney. One could also study the course of 
hypertension after the removal of the source in such a preparation. A simple method 
for obtaining repeated direct mean blood pressures in the unanesthetized rabbit 
has also been presented. 
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EFFECTS OF REMOVAL OF THE TSCHEMIC’ KIDNEY IN 
RABBITS WITH UNILATERAL RENAL HYPERTENSION, AS 
COMPARED TO UNILATERAL NEPHRECTOIMY IN NORMAL 
RABBITS^ 


J. FLASHER AND D. R. DRURY 

From the Department of Physiology, School of Medicine, University of Southern California, 

LOS ANGELES, CALIFORNIA 

I N A previous paper (i) we presented a method for the production of unilateral 
renal hj’pertension, that is, hypertension due to unilateral renal or reno-vascular 
manipulation with the other kidney intact. It consisted of the latex encapsula- 
tion of one kidney. Blood pressure was determined by two methods, an indirect and a 
direct. The former was the abdominal cuff method, as modified by McGregor (2) ; 
he found the average systolic blood pressure to be 125 mm. Hg, with a range of 90 
to 160 mm. Hg. In the second method, the rabbit was placed in a simple warming 
chamber, and after the central artery of the ear became well dilated, arterial puncture 
was easily performed with a 22-gauge needle. The mean blood pressure was then ob- 
served on a small bore mercurj’’ manometer. We found the normal range of blood 
pressure to be 60 to 93 mm. Hg. Hypertension, that is, two or more hypertensive 
readings, by either one or both of the blood pressure methods used, was produced in 
IS of 22 rabbits. A 'hypertensive’ reading was defined as a systolic blood pressure of 
at least 180 mm. Hg by the abdominal cuff method, or a mean blood pressure of at 
least 100 mm. Hg by our ear method in the central artery of the ear. It was noted 
that this hypertension may persist for a considerable period of time. Three rabbits 
still exhibited h3TDertension 115, 116, and 125 days after their first hj’pertensive 
reading; most of the others were used for the experiment to be presented shortly. 

In the work presented in this paper we were interested in investigating whether 
the continued high blood pressure sets up mechanisms that tend to perpetuate the 
h3Tpertension. In other words, is a vicious circle brought about? This can be readily 
studied in the rabbit with unilateral renal hypertension since the original cause can 
be removed at will and the animal studied thereafter. 

PROCEDURE 

Our general plan of attack was to produce hypertension and then, after varyiag 
intervals, to remove the ‘ischemic’ kidney and follow the blood pressure thereafter. 
To serve as controls for this work, and because one investigator has reported that 
unilateral nephrectomy causes a rise in blood pressure in rabbits (3), we also sub- 
jected normal rabbits to unilateral nephrectomy and followed the blood pressure 
thereafter. 

Received for publication March 30, 1949. 

1 This investigation was supported in part by a research grant from the Division of Research 
Grants and Fellowships of the National Institutes of Health, U. S. Public Health Service. 

43S 



September jg4g 


NEPHRECTOMY AND RENAL HYPERTENSION 


439 


Effect of Unilateral Nephrectomy on the Blood Pressure of Normal Rabbits. Nine 
normal rabbits were subjected to unilateral nephrectomy. Blood pressures were 
followed by the two blood pressure methods used in our previous paper; 33 of 34 
determinations by the ear method, over a period up to 209 days after surgery, were 
normal. That is, they ranged from 62 to 90 mm. Hg, as compared to a range of 58 
to 93 mm. Hg in 32 observations in our 12 normal controls (fig. i). However, one 
ear blood pressure determination, in one of the unilaterally nephrectomized rabbits, 
was 109 mm. Hg, a hypertensive reading by our definition. Since the three previous 
and two subsequent ear blood pressure determinations in this rabbit were non- 
hypertensive, we do not classify this animal as one with hypertension. Further, none 
of these 9 unilaterally nephrectomized rabbits exhibited any hypertensive readings 
in 51 determinations by the abdominal cuff method; the range of systolic blood 
pressure was rs 

100-109 
90-99 
eo-89 
70-79 
60-69 
50-59 

Fig, I. Relative erequency (absdssa) of various levels of mean ear blood pressure in mm. 
Hg (ordinate). A) 32 determinations in 12 normal rabbits; B) 34 determinations in 9 normal rabbits 
after unilateral nephrectomy. 

Effect of Removal of the ‘Ischemic’ Kidney on the Blood Presstire of Rabbits with 
Unilateral Renal Eypertension. Seven rabbits with hypertension were subjected to 
removal of the encapsulated kidney 18 to 66 days after their first hypertensive read- 
ing. The hypertension was still present after that operation in 4 of the animals. It 
finally disappeared spontaneously 23, 48, and 152 days after the operation in 3 of 
these 4 rabbits, and one rabbit was used for another experiment ii days after the 
operation. The blood pressure fluctuated considerably from hypertensive to non- 
hypertensive levels before it reverted to non-hypertensive or completely normal 
levels; this was especially true in the rabbit that had a persistence of h3q)ertension 
for 152 days. The other 3 hypertensive rabbits, that were subjected to removal of 
the encapsulated kidney, did not exhibit any further hypertensive readings (the 
first reading was not taken until the third to fifth post-operative day). Even the 
latter three, however, exhibited blood pressures above the usual upper limits of 
normal for at least the first few post-operative weeks, i.e., abdominal systolic blood 
pressures of 160 to 180 mm. Hg. 

There appeared to be a positive correlation between the height of the blood 
pressure and duration of hypertension after removal of the encapsulated kidney. 
Two of the 4 rabbits that exhibited this persistence of hypertension had one or two 
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mean ear blood pressures of at least no mm. Hg. Further, the latter 2 and another 
one of these 4 rabbits exhibited two to four systolic abdominal blood pressures of at 
least 200 mm. Hg. The blood pressures of the 3 rabbits that did not show a persistence 
of hypertension after the operation were all under the above values. 

We have also checked these results in seven rabbits made hypertensive, by par- 
tially constricting one renal artery with the other kidney intact (4, 5). The 
manipulated kidney was removed 3 to So days after the first hypertensive reading. 
The hypertension was still present after surgerj’- in 3 of these 7 rabbits. These 3 
animals remained hypertensive for at least 72, 103, and 103 days, when they were 
used for another experiment. In this group of 7 rabbits, one could not draw any con- 
clusions about the relation of the level of the blood pressure to the persistence of 
hypertension after removal of the ‘ischemic’ kidney. Possibly, this is related to the 


A B c 



Fig. 2. Relative frequency (abscissa) of various levels of systolic abdominal blood pressure 
in mm. Hg (ordinate). A) 51 determinations in 9 normal rabbits after unilateral nephrectomy; B) 
33 determinations in 7 hypertensive rabbits; C) 37 determinations in the same 7 rabbits after removal 
of the ‘ischemic’ kidney (these animals remained hjTiertensive for various periods of time). 

milder and more equal degree of hypertension that existed in this group. In con- 
sidering the presence of any correlation between the duration of hypertension before 
removal of the ‘ischemic’ kidney and the persistence of hypertension after that opera- 
tion, we can combine the findings in the two groups of rabbits. In 14 rabbits sub- 
jected to removal of the ‘ischemic’ kidney, in whom the duration of hypertension 
ranged from 3 to 80 days, there did not appear to be a notable positive correlation 
between the duration of hypertension before and the persistence of hypertension in 
7 of the animals after that operation, except at the extremes in duration. In figure 2 
and table i we have presented these data. The duration of hypertension is probably 
somewhat greater than as presented, because of the somewhat lengthy inter^’^al be- 
tween blood pressure readings at times. 

DISCUSSION 

Similar results have been reported in the rabbit (3), and in the rat (6-9). In 
the dog, however, removal of the ‘ischemic’ kidney brings the blood pressure down 
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to normal within 24 hours (10-12). In man, the ‘cure’ of hypertension of supposed 
unilateral renal origin by the removal of the diseased kidney is still a controversial 
matter. 

Friedman, Jarman, and Klemperer (7) were apparently the first investigators 
to show a persistence of hypertension after removal of the ischemic kidney in ani- 
mals — the rat — ^with unilateral renal hypertension. Wilson and Byrom (6) have 
noted that removal of the ischemic kidney, in rats with unilateral renal hypertension, 
may revert the blood pressure to normal, even in those rats that have developed the 
malignant syndrome. GroUman (3), in 5 rabbits with unilateral renal hypertension, 
removed the manipulated kidney about 10 to 14 weeks after it was made ischemic 
by distortion with cotton tape; he noted a persistence of hypertension in all. He 
does not mention how long the hypertension had existed or how long these animals 


Table i 


RABBIT NO. 

PREOPERATIVE 
DURATION OF 
HYPERTENSION 

POST-OPERATIVE 
PERSISTENCE OF 
HYPERTENSION 

RABBIT NO. 

PREOPERATIVE 
DURATION OP 
HYPERTENSION 

POST-OPERATIVX 
PERSISTENCE OF 
HYPERTENSION 


days 

days 


days 

days 

70 

3 

<22 

175 

33 

<5 

71 

3 

<17 

153 

35 

48 

60 

4‘ 

<9 

170 

37 

II® 

133 

11 

<4‘ 

147 

52 

<5 

45 

17I 

72® 

148 

66 

<3 

176 

18 

23 

8g 

76 

103® 

150 

32 

152* 

gz 

80 

103® 


1 True duration of hypertension is probably somewhat greater than this, because of the long 
interval between blood pressure readings in these animals. 

2 The blood pressure was very fluctuant with frequent normal readings. 

® Rabbit ipo was used for another experiment at that time. Rabbits 8g and gz were probably 
still hypertensive when used for another experiment 10 days later. Rabbit 45 was not followed there- 
after. 

Not followed adequately. 

were followed after removal of the ‘ischemic’ kidney. By the same method of deter- 
mining blood pressure, he also observed hypertension after unilateral nephrectomy in 
normal rabbits, a result in disagreement with the work of most investigators, and 
with our results. Piclcering (13) found no elevation of blood pressure after removal 
of one or both kidneys in the rabbit. Braun-Menendez etal.{ii) state that it has been 
shovm that unilateral nephrectomy is not followed by any appreciable change in 
blood pressure in any tested animal. Pickering (13) has noted that ‘bilateral’ renal 
hypertension of at least 7 weeks’ duration, in the rabbit, persists even after both 
manipulated kidneys are out (in the several days the animals survive). In rabbits, 
with ‘bilateral’ renal hypertension of up to 8 days’ duration, there was no persistence 
of hypertension; it disappeared in a few hours after the second kidney was removed, 
just as he noted to be true after cessation of a prolonged renin injection. 

Our results support the view (3, 6-9, 13, 15) that there is a ‘change of mecha- 
nism’ in th course of renal hypertension. Possibly a continued hypertension can 
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produce effects which will maintain the h3’'pertension after the original cause is 
removed. A high blood pressure that has lasted for some time does produce changes 
in the bod}^, although undoubtedly most of these effects are unknown to us. However, 
in the category of anatomical changes, we might cite the hj^iertrophy of the left 
ventricle. In the category of physiological changes we maj’- cite the normal pulse 
rate in the presence of a raised blood pressure. If we raise the blood pressure of a 
normal rabbit (by compression of the abdominal aorta) to a hypertensive level, the 
heart rate becomes slowed. The heart rate of the hypertensive rabbit will respond 
to a rise of blood pressure above its control level, i.e. a slowing following compression 
of the abdominal aorta. It would seem that this reflex mechanism might be dulled 
to the ordinary blood pressure stimulus and needed a more pronounced stimulus, or 
we may look on it as a change in the ‘set’ of a regulatory mechanism. 

These known effects of a continued high blood pressure probably play a role 
in the persistence of hypertension after removal of the ischemic kidney. Undoubtedly 
other factors are involved. This self-perpetuation of some disturbance in function 
after removal of the inciting cause is not unknown in physiology. There is much 
evidence to support the concept that long continued induced hyperglycemia will 
result in a hyperglycemia that persists after the animal is put back on a normal 
regime. It is believed that the high sugar level over-strains the islet tissue of the 
pancreas so that thereafter it functions inadequately. Adiposity tends to perpetuate 
itself by limiting the activity of the individual. A weakened heart action is liable 
to produce a vicious circle since it leads to reduced coronary blood flow. In these 
examples the mechanisms bringing about the self-perpetuation are quite different 
and may only be indirectly related to the characteristic itself, as in the case of adi- 
posity. 

The non-operated kidney may play an important role in this self-perpetuation. 
It may be afltected by the high blood pressure per se so that its functioning is so 
altered that it aggravates the pressure raising process by secreting a pressor sub- 
stance or by some other means. On the other hand, tlie changes produced on the 
experimental kidney may in some specific manner result in an alteration of the other 
kidney by some mechanism analagous to sympathetic ophthalmia. Only in this 
latter case would our experimental method lose some of its value as a research tool 
in the study of hypertension. 

CONCLUSIONS AND SUMMARY 

None of the 8 normal rabbits subjected to unilateral nephrectomy developed 
hypertension. Seven of the 14 rabbits with unilateral renal h3q)ertension showed a 
persistence of hypertension for some time after removal of the ‘ischemic’ kidney. 

We believe that a long continued high blood pressure is a characteristic which 
tends to be self-perpetuating. This might be due to overstraining or ‘dulling’ of 
a regulatory mechanism, or might be due to indirect effects, such as renal damage 
or widespread vascular damage. 

Since our work, and more especially work in the rat, shows that removing the 
ischemic kidney in unilateral renal hypertension may not ‘cure’ the hypertension 
perhaps it is not safe to assume that man will be cured of supposed unilateral renal 
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h)^ertension by the removal of the involved kidney. This operation was founded in 
part on the observ'-ation that in the dog, removal of the ischemic kidney, during the 
course of the temporary unilateral renal hypertension that can be produced in that 
animal, promptly brought the blood pressure dov\Ti to normal. 
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INFLUENCE OF SODIUM LOAD ON SODIUM EXCRETION^ 

D. M. GREEN akd A. FARAH 

From the Departments of Medicine and Pharmacology, University of Washin^on School of 

Medicine 

SEATTLE, WASHIKGTON 

T he relation of sodium to heart failure and arterial hypertension has em- 
phasized the need for more complete knowledge of the factors which regulate 
its excretion. Existing data relative to overall sodium metabolism have been 
summarized in recent reviews and monographs (i). The purpose of the present study 
was to measure the alterations in renal function which follow the administration of 
sodium chloride and to determine the mechanism through which increased sodium 
intake alters sodium output. 


METHODS AND imTERIALS 

Renal sodium excretion is presumably determined by the relation between the amount of sodium 
filtered by the glomeruli and tlie fraction of filtered sodium which escapes tubular reabsorption. 
On the assumption that glomerular urine is an ultrafiltrate of plasma, the magnitude of sodium 
filtration was estimated in these studies by tlie expression: 

GFRNa = GFR X Bn. 

WTiere: GFRn. = Sodium filtration rate (mEq/min.); 

GFR = Glomerular filtration rate (cc/min.) as measured bj' the mannitol tech- 
nique (2) ; 

Bno = Plasma sodium concentration (mEq/cc.) as measured by the uranium 
acetate method (3). 

The influence of tubular activity on sodium e.xcrction was estimated by the expression: 

TRFn. = X 100 

Vjrr XvNa 

Where: TRFnb = Sodium tubular rejection fraction (mEq. sodium e.xcreted per 100 mEq. 
filtered). 

Uno = Urinary sodium concentration (mEq/cc.). 

V . = Urine flow (cc/min.). 

GFRnu = Sodium filtration rate (mEq/min.). 

Renal plasma flow was measured by the para-aminohippurate technique (4). 

The relative importance of the glomerular and tubular mechanisms in compensating for changes 
in sodium intake was studied in a series of 12 normal dogs. The weights of the animals varied bete’een 
8 and 26 kg. Surface area was calculated by the formula: WtVe X 0.107 = raK 

On the preceding day 50 cc. of water per kilogram were given by stomach tube. Tins dose was 
repeated about 15 hours before the experiment. Anesthesia was accomplished with dial urethane*, 
0.7 cc/kg. given intraperitoneally. Blood pressure was recorded continuously from the left common 
carotid artery through a cannula attached to a mercury manometer. Electrocardiograms were re- 
corded from subcutaneous needles inserted in the right upper and left lower extremities. All blood 

Received for publication April 18, 1949. 
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samples were obtained from the femoral artery through an inljdng needle. Infusions were made into 
the left jugular vein by a constant speed infusion pump. Urine was collected through an indwelling 
soft rubber catheter. The bladder was washed out with distilled water after each collection and 
emptied completely by blowing out with air. 

Basal renal functional values were determined for each animal during two or more 3o-minute con- 
trol clearance periods. Sodium loads were then imposed by the intravenous administration of test solu- 
tions of sodium chloride which ranged in concentration from 0.86 to 30 per cent. The test solutions 
were infused at constant speeds for periods of i to 10 hours. Rates of administration and the values 
which were measured and derived are indicated in table i. All chemical analyses were done in 
duplicate. Pre-injection samples were used for blank determinations. 


RESULTS 

Survival. Animals infused at rates in excess of 13 milliequivalents of sodium 
per minute per square meter died at the end of 30 to 90 minutes. Death was preceded 
by sudden decrease in heart rate, disappearance of the P wave, increased amplitude 
of the T wave, and development of ventricular premature contractions. This phase 
was followed by ventricular asystole or fibrillation with rapidly fatal termination. 
Animals injected at rates less than 8.5 mEq. Na/min/m- outlived periods of observa- 
tion from 35 to 10 hours in duration. 

Sodium Excretion and Tubular Rejection Fraction. The time until maximum out- 
put of sodium varied from 30 minutes to 8 hours after the start of infusion, and was 
related in general to the rate of sodium administration (table i and fig. i). The 
maximum excretory rates were 40 to 500 times higher than the basal levels, depend- 
ing upon the conditions of the experiment as discussed below. 

In each animal the changes in sodium excretion were paralleled by corresponding 
alterations in the sodium tubular rejection fraction (fig. 2). This relationship appeared 
to be independent both of the concentration of sodium chloride solution infused and 
of the plasma sodium level. The maximum tubular rejection fraction observed repre- 
sented approximately 42 per cent of the sodium filtered. 

Glomerular Filtralioti Rale. Infusion of sodium chloride solutions did not produce 
consistent changes in glomerular filtration rate. In 5 animals infusion of the test 
solution was followed by a fall in filtration although sodium excretion increased. In 
those cases in which the filtration rate rose its highest level never exceeded twice the 
control value. In no instance did the greatest output of sodium occur during the 
period of maximum glomerular filtration. 

Renal Plastna Flow and Filtration Fraction. Administration of salt solutions 
consistently resulted in a rise in renal plasma flow, which in some instances attained 
a value two and one-half times the control figure. Due to the magnitude of this 
change, the filtration fraction fell below the basal value in 5 experiments. 

The rise in plasma flow usually occurred early and preceded the highest level 
of sodium output. As a consequence, a sustained or increasing rate of sodium excre- 
tion was often manifested in the face of a falling renal plasma flow (table i, animals 

T, 2 , _5, d, /). ^ ^ 

Water Excretion. The volume of urine flow increased concurrently with the rise 
in sodium excretion. The increase was due almost entirely to diminished tubular 
reabsorption of water, rather than to a change in glomerular filtration rate. 
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A comparison of the sodium and water rejection fractions showed them to be 
correlated (fig. 3). During control periods the rejection fraction for water exceeded 
that for sodium several fold. When infusion of the test solution was begun both frac- 
tions increased. The sodium rejection fraction, however, rose relatively more rapidly 
to reach a limiting value approximately equal to that for water. \\Tien this limiting 
value had been attained, further increases in the sodium and water rejection fractions 
were linearly, related regardless of the concentration of the test solution infused or 
the magnitude of sodium excretion. 


Uh»V 

(mvmumh 


TRF„ 

oftsacnro 
KJI tO«tCO ^ 

ntmto) 
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RPF oooi 
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3 L 3 tfi 

Fig. la. h. c. Relation of sodiou excretion to sodium tubular rejection fraction, plasma 
sodium concentration, glomerular filtration rate and renal plasma flow under varying conditions of 
sodium load. 


By definition, the relation between the sodium and water rejection fractions 
should be reflected in the ratio of the corresponding urine and plasma sodium con- 
centrations.® A comparison of the two latter parameters over the entire group of 
experiments (fig. 4) showed that tlie sodium concentration in the urine rose with in- 
fusion of the test solution to reach a limiting value which approximated the plasma 
concentration. Thereafter a furtlier increase in urinary sodium concentration was 
obtained only in the presence of an equivalent rise in the plasma sodium level. 


’ TRFnb = 


UNa-V 

GFR X BNa ^ 


and: TRFh-o = — — X 100; 
GFR 


whence: 


TRFNa _ UNa 
TRFhjO Bnb 
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DETERMINANTS OE SOBIDM EXCRETION RATE 
A number of associated factors were studied in an effort to determine the inter- 
mediate steps by which sodium administration provoked a rise in sodium excretion: 

Plasma Sodimn Concentralion. No consistent relationship was established be- 
tween sodiiun excretory rate and plasma sodium concentration. Infusion of isotonic 
solution produced marked increases in sodium excretion with little alteration in 
plasma sodium level (fig. i C). Comparisons between animals to which hypertonic 
solutions were administered failed to demonstrate a correlation between the rate of 
sodium excretion and the plasma sodium level. Serial observations in the same 


TRFfJA HG; 

<WE0 EXCRETED PER 100 MEO FILTERED) 



TRF„20 

tcc EXCRETED PER ^00 CO FILTERED) 


Fig. 2, Relation of sodium excretion to sodium tubular rejection fraction. 

Fig- 3- Relation of sodium and water tubular rejection fractions under sodium load. 

animal showed that the maximum sodium excretory rate often developed, prior to 
the attainment of the maximum plasma concentration. In such instances, the sodium 
output entered a declining phase while the plasma sodium level was stiU rising (fig. 
I B, table i, animals 6,7,12). 

Sodium Balance, Exlracellular Sodium Mass and the Sodium Space. Three suc- 
cessive measurements of the basal extracellular fluid volume were made during the 
control periods by the mannitol technique (5). The average of these values was used 
to calculate the basal quantity of extracellular sodium by means of the expression: 

XCnd = XCV X Bn» 

Where: XCnb = Extracellular sodium mass (roEq/m^); 

XCV = Extracellular fluid volume (cc/m^) ; 

= Plasma sodium concentration (mEq/cc.). 
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The sum of the basal extracellular sodium mass and the net sodium exchange 
at the end of any clearance period subsequent to tlie control period was taken to 
represent the total extracellular sodium at that time. This latter figure was divided 
by the corresponding plasma sodium concentration to estimate the voliune of the 
sodium space, assuming uniform extracellular distribution of the infused sodium. 

On the basis of these computations, it appeared that the continuous adminis- 
tration of sodium chloride solution, regardless of rate or concentration, resulted in a 
progressive increase in the values for extracellular sodium mass and sodium space 
during periods of observation up to 10 hours (table i, columns 16, 17). 


Una 



Fig. 4. Relation of soDitra concentrations in urine and plasma under varjdng conditions 
of sodium load. 

The maximal rate of sodium excretion was not proportional to the sodium bal- 
ance, the extracellular sodium or the sodium space, either in the same animal or in 
comparisons between animals. Low rates of sodium excretion were often found in 
the presence of a markedly positive sodium balance, suggesting that the increase in 
this and related quantities (extracellular sodium mass and sodium space) rather than 
.constituting a stimulus to sodium excretion was instead the consequence of failure 
by the animal to respond to sodium loading by an adequate increase in renal excre- 
tion. Comparison of these factors in animals infused at comparable rates of sodium 
and water administration (fig. 5) showed that the animal which developed the smaller 
sodium excretory rate manifested the larger increment in sodium balance, extracellu- 
lar sodium mass and sodium space. 

Water Balance. Administration of hypertonic solutions was followed almost 
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Fig. 5. Invekse relation of sodium excretion to sodium balance and associated factors, -where: 
UNa*V = Sodium c.xcretion; NaBal. = Net sodium exdiange; XCnb = Extracellularsodiummass; 
XeVNa = Extracellular sodium space; Cell H2O loss = Cumulative cellular dehydration. 

Fig. 6. Comparison of TuntiLAR rejection fractions observed during infusion of 0.86% NaCl 
at the rate of 0.6 mEq/min/m® with the rejection fractions which would have been required for 
maintenance of sodium and water balance. Indicated maximum rejection fractions were measured 
in other animals infused with the same sodium concentration at higher rates. 
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uniformly by a negative water balance, while isotonic solutions produced a positive 
balance (table i, column 7). No correlations were established between the rate of 
sodium excretion and the direction or magnitude of the net water gain or loss. 

Eemaiocrii. Serial hematocrit values were determined on 6 animals as an index 
of blood volume change. Administration of the test solution was followed by a fall in 
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hematocrit value, succeeded in some instances by a secondary rise (table i, animals 
7, g, lo). In all but one case the minimum level coincided with or followed the period 
of maximum sodium output. Beyond this no correlation between the two factors was 
established. 

Celhdar Dehydration and Osmotic Balance. In the majority of animals observed 
for periods greater than 3 hours the rise in sodium excretory rate was succeeded by a 
decline in output despite an increasing distortion of the sodium balance and its as- 
sociated factors (table i, anmals 7, S, p, 10, 12). The secondarj’’ decline in sodium 
output did not appear to be a consequence of the exhaustion of the animal’s mecha- 
nism for sodium excretion, for it occurred even at low sodium injection rates during 

which blood pressure, filtra- 
tion rate and plasma flow 
were maintained or increased, 
and the maximum rate of e.x- 
cretion obtained was well be- 
low the maximum capacity 
for excretion as judged by 
the response of other animals 
to higher rates of sodium in- 
fusion at isotonic concentra- 
tions (fig. 6). The pattern of 
this response suggested the 
possibility that the initial rise 
in sodium excretion was due 
to a disturbance of osmotic 
equilibrium, while the second- 
ary fall reflected a subsequent 
return toward equilibrium 
despite continued infusion. 

Increased sodium out- 
put has been demonstrated 
to follow the subjection of 
osmoreceptor cells to concen- 
trated solutions of sodium 
chloride injected into the 
carotid artery (6). Since long-term (40-minute) infusions of dextrose of the same os- 
molarity were without effect, it appears likely that the stimulus to osmoreceptor cells 
depends on exposure to hypertonic concentrations of a non-permeating solute, re- 
sulting in osmotic pressure differences productive of cellular dehydration. Under 
these circumstances the rate of cell water loss becomes a measure of the osmotic 
pressure difference on the two sides of the cell membrane. 

In the present experiments a mechanism for cellular dehydration was obvious 
in animals to which hypertonic solutions were administered. In all animals, however, 
an endogenous source of dehydration was presented, regardless of infusion concentra- 



Fig. 8. Relation of sodiuit output to serial changes in 
cellular dehydration rate during continuous infusions of NaCl 
solutions. 
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tion, by the continued secretion of a urine with a lower sodium concentration than 
plasma for varying periods after the start of the infusion (table i, columns lo, 12). 
The operation of these factors was evidenced by the finding that the net change in 
sodium space was uniformly greater than the net water exchange, and could have 
been accomplished only by withdrawal of water from cells, barring a change in 
permeability toward sodium (table i, columns 7, 19). 

When the rapidity of cellular dehydration was computed by dividing the cell 
water change at the end of each period by the time over which it had occurred it was 
found that the average rates of sodium excretion and cellular dehydration were 
correlated (r = 0.788; fig. 7). A causal relationship was suggested by the tem- 
poral association of the two factors (fig. 8). Cellular dehydration was most intense 
in the eartyphases of the experiment. In 7 animals the maximum rate of cellular 
dehydration preceded the maximum rise in sodium excretion by an interval which 
ranged from 20 minutes to 3 hours. As sodium output increased the rate of ceU water 
loss tended to fall. In some instances the magnitude of this reversal was sufficient 
not only to prevent further dehydration but to, return water to cells (fig. 8 c8 d). 

In those animals in which the reversion of the rate of cell water loss was marked, 
a reduction in sodium output followed, regardless of the net sodium balance (fig. 8). 
\\ffien the infusion was continued for a sufficiently long period, this fall in sodium 
output was followed by a new cycle of increased cellular dehydration rate followed 
by a secondary rise in sodium output (fig. 8 c, 8 d). 

Interpreting these results, it would seem that changes in sodium excretion are 
invoked by differences between the extracellular and intracellular osmotic pressures 
and persist only as long as such differences are maintained. 

SUMMARY 

The alterations in renal function which followed the administration of sodium 
chloride solutions were measured in a series of normal dogs. The resultant rise in 
sodium excretion was found due almost entirely to a decrease in its tubular reab- 
sorption, and was accompanied by a correlated decrease in the reabsorption of water. 
Renal plasma flow was imiformly increased. No consistent change in glomerular 
filtration rate was demonstrated. 

Increased sodium intake appeared to influence sodium excretion primarily by 
establishing an osmotic pressure difference between extra- and intracellular fluids, 
as estimated by the rate of cell water loss. Resolution of such osmotic pressure differ- 
ences, as judged by a decline in the cellular dehydration rate, was followed by a fall 
in sodium excretion regardless of the magnitude of the plasma sodium concentration, 
sodium balance, extracellular sodium mass or sodium space. The data suggest that 
the major determmant in sodium regulation is not the preservation of sodium balance 
but the maintenance of osmotic homeostasis. 
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ALTERATION OF NEURON EXCITABILITY BY 
RETROGRADE DEGENERATION^ 

BERRY CAaiPBELL, VERNON H. MARK^ and EDGAR L. GASTEIGER 
From Ihc Department of Anatomy, University of Minnesota Medical School 

MINNEAPOLIS, MINNESOTA 

T he definition and understanding of the altered physiological activity of 
the chromatolysed, degenerating and diseased nerve cell are fundamental 
problems in neurology. It is essential that the well-known pathological 
pictures of nerve cells be correlated with their functional concomitants before the 
symptomatology and recovery processes from neurological disorders, acute and 
chronic, can be understood. In addition, the problem of the nature and function of cy- 
tological structures depends to a great extent on the use of experimental alterations 
of cellular elements as a tool in linking anatomical entities with specific functions. 

It is only natural that chromatob'sis, the experimental reaction most easily controlled, should 
be the first cell alteration to be subjected to this analysis. Acheson, Lee and Morison (x) cut the 
phrenic nerve and noted a change in the activity of the motor cells, during the respiratory cycle, 
which roughly paralleled the usual period of chromatolysis and was for the most part a deficiency 
in cell firing. The loss of the proprioceptive or two-neuron reflex during the chromatolytic cycle of 
the motor neurons has been described (2) and it has been demonstrated that chromatolytic dorsal 
root ganglion cells show no loss of conductile properties (3) and that the antidromic cell potential 
is decreased during the chromatolytic period (4). These facts indicate that the interference of cell 
function occurs at the cell body level and involves neither the sensorj' side of the reflex arc nor the 
synaptic apparatus. 

The theoiy^ that the physiological effect of chromatolysis is on one general threshold of irrita- 
bility of the cell rather than on the mechanisms of specific reflex pathways, as the evidence cited 
above indicates, leads to interesting consequences. One is that any reflex such as the tibial-peroneal ' 
reflex of Bernhard (5) will serve as a test for the general phenomenon. Any result from inspection 
of the effects of chromatolysis on this reflex which differ from those mentioned above would render 
the theory untenable. Strengthening of the theoo^ however, which would result from the demon- 
stration of the predicted results in the instance of such an indirect reflex would require an inspection 
of the current theory of neuron activation. 

A further consequence of the theory that the threshold of excitability is responsive to the axon 
reaction is that chromatolysed nuclei would show certain predictable changes in the relative numbers 
of cells falling into the subliminal fringe upon the application of single afferent stimuli. As the thresh- 
old of the neurons of the nucleus declines, the fraction of cells excited subliminally would increase 
with respect to those raised above threshold. However, as the rate of decreased excitability wanes, 
the original fraction value might well be re-established. 

METHODS AND RESULTS 

Cats and rabbits were used in the experiments. Sectioning of the combined 
tibial and peroneal nerve on the right side at mid-thigh level was done with aseptic 
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precautions under nembutal anesthesia. After a suitable recovery period, anesthesia 
was again produced with dial or nembutal and the reflex activity tested on both 
the affected right side and on the normal left side which served as control. A three- 
channel sweep-synchronized stimulator, condenser coupled amplifier, and cathode- 
ray oscillograph were used for the physiological testing. The spinal cords were fixed 
in formalin, sectioned and stained with cresyl-violet and eiythrosin for study of 
chromatolysis. 


Table r. Efeects of axon section on tibial-peroneal reflex of cats 


CAT KO. 

DAVS 

DE- 

GEN’ERATED 

INCREASED 

LATENCY, 

3ISEC. 

rOBM AND SIZE 

CEROltATOIr 

YSIS 

TYPE 

I 

2 

0-3 

Normal form, size 1 

I 

2 

3 

o.S 

Normal form, reduced 

2 

3 

4 

0 

Simplified, reduced 

2 

4 

5 

1.2 

It tc 

2 

5 

6 

0-3 

U tt 

2 , 

6 

7 

0 

u ic 1 

j 

2 

7 

8 

1.8 

(€ t( 

2 

S 

8 

0 

U tt 

2 

9 

9 

0.2 

Normal form, size 

2 

10 

9 

0 

Simplified, reduced 

♦ 

II 

9 

2.0 

it tt 

* 

12 

10 

0.3 

it tt 

2 

13 

12 

i.i 

Normal form, size 

2 

H 

12 


Absent 

♦ 

15 

13 


it 

2 

16 

13 

3-<5 

Simplified, reduced 

* 

17 

13 


Absent 

2 

18 

14 


ti 

* 

19 

IS 


ft 

2 

20 

18 

3.0 

Simplified, reduced 

' 2 

21 

27 

2.8 

tt tt 

3 

22 

27 

2.1 

tt tt 

3 

23 

34 

0-5 

Simplified, normal size 

3 

24 

35 

1 . 5 

Simplified, reduced 

2 

25 

102 

4.8 

tt tt 

« 







* No Nissl studies made. 


A series of twenty-five cats was studied (table i). The days of retrograde de- 
generation varied from 2 to 102 days, with most careful coverage on the first two 
weeks. The changes noticed in this series were of four t3T>es. There was an increased 
latency of the response of the peroneal nerve following tibial stimulation. This was 
seen in every animal from 9 days on as well as in 4 of 8 which were tested earlier. 
Only one animal, at two days, showed the reverse trend; three others, at 3, 6 and 8 
days, showed no change. In the later experiments, significant delays were found, 
ranging up to 3.6 msec. Interpretation of the early half of the series is complicated 
by the fact that the latency difference between the two sides is apparently of the 
order of magnitude of the variability of the preparation. Attempts were made to 
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insure equal conduction distance on the left (normal) and right (chromatolysed) 
side but these were not always successful. The errors introduced by this factor appear 
to range up to 0.5 msec. No interpretation is attempted on the 2-day animals, where 
a decreased latency appeared. 

The. second effect shown in this series was an abolition of the reflex completely 
during the height of the degenerative cycle. This occurred in 5 animals, at 12, 12, 14, 
15 and 26 days. All animals of this period do not show this loss, but those which do 
not show the complete loss show very extended latencies. 

The third effect noted is the simplification of the form of the reflex curve. Figure i 
shows a typical example in which the normal reflex pattern — usually a slowly de- 
creasing multimodal curve exhibiting three, four, or even five definite peaks of 
activity — ^was altered on the chromatolysed side to produce a much simpler curve. 
The dispersal of the normal activity strongly indicates repetitive firing of the motor 
neurons. We are led, thus, to interpret the simplification as shown in figure i as an 
indication of the shortening of the train of impulses generated by the individual 


Fig. I. Alteration OF EEiXEX 
RETURN on peroneal nerve of cat in 
response to tibial stimulation on nor- 
mal (a) and chromatolysed (b) sides. 
The duration of the retrograde de- 
generation was 35 days. 



motor cell. Through some mechanism which is not obvious, synchrony of the initial 
discharge sometimes characterizes the altered response with the curious result that 
the amplitude of the response as measured by peak voltage is actually increased 
(see below). 

A foiurth consequence of the chromatolysis was found to be a decrease in the 
total reflex outflow. Because of the tendency for S3aichrony as mentioned above, the 
height of the reflex record on the affected side was occasional^ increased, but even 
in such cases a decreased return was obvious. Because of the dispersion of this par- 
ticular reflex, peak voltage is a poor measure of the actual response. We have used, 
instead, the area under the potential curve as a measurement of the total activity. 
Where strong synchrony and no repetitive firing are the rule, as in the proprioceptive 
reflex, close correlation must exist between the height of the response and the number 
of units active. With monophasic recording, the same correlation would obtain 
between the number of conducted impulses and the areal summation of the curve. 
We may conclude, thus, that the activity as measured in impulses is decreased on 
the chromatolysed side. 

In summary, it is to be seen that the four functional alterations obser\’able in 
the chromatolysed motor nuclei of these cats are obviously the result of a dysfunction 
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which, acting to decrease excitability, makes the reflex return to a supramaximal 
(for A fibers) shock to tlie tibial nerve later, simpler, smaller and occasionally absent. 

Study of stained sections of the spinal cords showed chromatolysis in the earliest 
member of the series (two days) and apparent in all in which Nissl studies were 
made. The classification proposed by Campbell and Novick (6) of the stages of axon 
reaction was used to record the degree of chromatol3^is seen in the sections. However, 
no quantitative expression was attempted because it was not feasible with the ma- 
terial on hand to attempt to circumscribe the nuclei involved. The numerical stages 
indicated in table i represent the most prominent class of altered cells in the sections 
sampled. These findings agree essentially with those of Barr and Hamilton (7), who 
have studied the time course of the axon reaction in the cat using similar categories. 


Table 2. CoNDmoNTNG effect of two smroxi in rabbits 


RABBIT NO. 

DAYS OF 
DEGENERATION 

AV'ERAGE AREA 

OF TF-ST VOLLEY 
EXPERlUENTAt 

INCREASED 
LATENCY MSEC. 

MAX. AREA or CONDITIONED RESPONSE 
AS 7o OF SX TEST RESPONSE 

NORMAL 

Normal 

Experimental 

I 

3 

33 % 


84 

120 

2 

3 

SI 


79 

101 

3 

5 

12 

.07 

100 

i6S 

4 

5 

40 

•ss 

95 

13s 

5 

5 

103 

.60 

95 

155 

6 

5 

II 

.21 

85 

15s 

7 

8 

21 

•54 

65 

98 

8 

S 

31 

•so 

80 

So 

9 

8 

13 

•33 

75 

155 

JO 

11 

24 

•50 

So 

70 

XI 

12 

17 

•74 

79 

79 

J2 

12 

64 

.62 

100 

79 

13 

IS 

78 

— ,2 

76 

58 

14 

16 

61 

I-SS 

109 

83 


Some mention should be made of the fact that the classifications mentioned above 
do not serve adequately for study of the recovering cell. It would appear that the 
later stages of the chromotolytic cycle do not merely retrace the rising phase. Thus, 
the designation of the cells of cat 24 as being in the second stage is pro^dsional only. 

In similar experiments in a series of 14 rabbits, in addition to tlie observation 
of the alteration of the simple reflex, a systematic stud}'’ was made of the conditioning 
curves obtained by two shock stimulation. Table 2 show's the data obtained. Retro- 
grade degeneration was studied from 3 to 16 days’ duration. In none of the rabbits 
was there a complete obliteration of the reflex on the degenerated side as had been 
seen in some of the cats. The decrease in the reflex noted in the former series was 
similarly revealed in the rabbits (column 3, table 2), With the e.xception of one 
animal, there was a considerable decrease in the area under the potential curve of 
the returned reflex on the affected side. Latenc}' w'as increased from 0.3 to 1.5 msec., 
w'ith but one exception Figure 2 illustrates a typical experiment and the simplifica- 
tion of the pattern on the right side conforms w'ith the rule. 

The analysis of the conditioning curves of the rabbit series reveals an additional 
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Fig. 2. Alteration of reflex return on peroneal ncn'c of rabbit in response to single 
and double stimuli. Left side of figure shows normal side", right shows experimental side. The 
duration of degeneration was 3 days. 



Fig. 3. Conditioning curve of representative rabbits siioiving conditioning curves of 
degenerated side in percentage of twice the area under the test potential curve, hmrt. Compar- 
ison of degenerated side with normal plotted according to durations of retrograde degeneration. 

sign of threshold involvement on the part of the final common pathway neurons. 
The second of two supramaximal shocks produces a reflex on the experimental side 
which greatly differs from that on the control side, (fig. 3). This difference varies 
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with the duration of the axon section. In column 5 of table 2 the maximal electrical 
activity attained by two successive supramaximal shocks is listed as a percentage of 
twice the activity of the test shock. The differences are obtained by subtracting 
the figure for the normal side from that of the degenerated side. These figures are 
averaged for the various days of degeneration and plotted as a function of time in 
figure 3 (insert). Even though the relative percentage values of the abnormal side 
may exceed its control at short degenerative intervals the absolute values of total 
electrical activity are always much less on the e.xperimental side. 

The curve of conditioned response to two supramaximal shocks, (fig. 3), may 
be taken as a profile of the subliminal fringe excitability, with the added factor, 
especially in the very short intervals, of the refractory periods of the various portions 
of the reflex arc. The maximum of the cur\fe, which is to be found at the interval of 
several milliseconds, is probably only insignificantly more correlated with any other 
factor than the excitability of the subliminal fringe. Thus we ma)’- interpret the results 
shown in column 6, table 2 and figure 3 as indicating a large (percentagewise) sub- 
liminal fringe in the early stages of this series, declining to below normal in the 
16-day group. Associated as this is with a decreased reflex return to a single shock, 
this then may be interpreted as increased threshold of the member cells of the nucleus 
stimulated. With the slight increase of threshold in the early series, a large per- 
centage of those failing to respond to the first stimulus were available to the second. 
With the more profound decrease in excitability, relatively fewer were left with a re- 
siduum of activity after the first stimulus suflheient to help achieve effective thres- 
hold as a result of the second. 


DISCUSSION 

The axon reaction is known by several morphological criteria. Cells with axons 
severed show a cycle of degenerative changes in the cell body. Best known of these 
are the fragmentation and the pulverising of the Nissl granules and the alterations 
in the position of the cell nucleus. Increased volume of the cell, altered enzyme con- 
centrations and nuclear cap formation are also known. It cannot be assumed that 
all or any of these phenomena are directly correlated with the altered physiology. For 
the present, however, we must consider the mechanics of neuronal excitation in 
the light of current models of the origin of the conducted impulse and some refine- 
ment of these ideas may be devised from the data offered above. 

The simplest model of the reflex arc will not suffice here. Simple all-or-none 
transmission over the hypothetical synapse would be insufficient to explain the graded 
nature of the changes of response associated with retrograde degeneration of tlie 
nerve cell. A local graded response at the level of the neuron affected must be as- 
sumed and two current models, each the product of many minds, may be examined. 
The first is based upon a consideration of the external electrical fields produced by 
resting and active neurons, and on the effects upon the cells of polarizing currents. 
In a paper discussing galvanotaxis in the cra3ffish, Loeb and Maxwell (8) presented 
a diagram from which nearly all of the more recent refinements of the theory may 
immediately be deduced but a thorough exposition is lacking in the accompanying 
text. Forbes (9), Barron and Matthews (10), Gerard and Tibet (ii) and GeseU (12) 
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have developed the model; the last-named author contributing a discussion of the 
idea that the conducted impulse is generated at the axon hillock. Briefly, a cell 
is postulated which is organized in such a way that its metabolic activity is reflected 
in an electrical bipolar field involving current flow both within and external to the 
cell. The field is assumed to be oriented with the axis of the neuron so that in steady 
states a certain current density exists at the membrane of the axon hillock, which 
ser\"es as a pulse-signal generator in that the conducted impulses arise at this point 
and correspond, in frequenc}'-, to the flux. An alteration of the external field, as in- 
duced by the explosive negativity of the boutons, or from any other phenomenon will 
effect the current density at the axon hillock and transmit signal by modulating the 
frequency of the generation of conducted impulses. It should be remarked here that 
the ventral horn cells would seem to exist in a steady state of zero frequency of the 
conducted impulses, at least in the experimental situation described in the paper. 
The current alternative to the bipolar model discussed above is an evolutionary 
product of the Lucas dictum (13) and has been best described in the analysis of 
Lorente de No (14). In this scheme of neuron activity, signal is transmitted by con- 
duction of active states from the boutons or other perineuronal endings of specific 
telaxons across a physiologicall}'’ defined gap, the synapse, to excite conducted 
waves of depolarization on the cell membrane of the body and/or dendrites of the 
secondary' neuron. Graded correlation of afferent and efferent activity may 
be achieved by the operation of local responses, a function of the secondary cell, 
which by var}dng with the state of the cell metabolism (hence polarity of membranes) 
would show altered spatial and temporal summation. The ability of the local re- 
sponses to achieve the magnitude necessary for the local generation of a conducted 
impulse "would be graded, under experimental conditions such as considered in this 
paper, to give results such as actually obtain. Between these two models we may not 
conclusively choose on the basis of the present data. In the absence of a terlium 
quid, the only slight contribution possible is to remark that the morphologic variants 
with this cycle of altered response affect the internal structure of the cell and not at 
least in a way to be observed at the present time, the cell membrane. From this 
some slight preference to the bipolar model may be expressed. 

The cytological alteration studied here is ‘unphysiologicak in the sense that axon 
destruction is rarely if ever of occurrence in the normal animal. There is no reason 
to think that this particular t}q3e of degeneration plays a part in the economy of 
the animal. Yet there is a possibility, supported by a small but insistent literature, 
that cjdological alteration similar to this type of chromatolysis may result from 
over-activity of nerve cells. Barr and Hamilton (7) found slight chromatolysis in 
over 10 per cent of the motor cells of their control spinal cords. If this should prove 
well-foimded, the importance of these changes in the irritability of the cell might well 
have to be reckoned as having some function in the integrative process. 

S"UMMARY 

A study was made of the tibial-peroneal reflex of cats and rabbits following 
intervals of retrograde degeneration of the primary motor neurones of the peroneal 
nerv’^e of i to 102 days. 
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Chroraatolysis is associated with an alteration of the reflex activit}'- of the spinal 
motor nuclei. The tibial-peroneal reflex, during the cycle of retrograde degeneration 
shows a) an increase in latency, b) an occasional complete cessation of reflex trans- 
mission, c) simplification of pattern of reflex when present, and a decrease in the 
activity of the involved neurons as measured by the area under the cun’‘e of the 
efferent potential. Conditioning studies indicate that there is a relative increase, 
during the rising phase of the cycle, of the subliminal fringe which is a measure of 
the increased threshold of the cells. 

The findmgs are discussed in the light of current models of the neuron. 
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EFFECT OF 2-METHYL NAPHTHOQUINONE ON THE 
ACTION POTENTIAL OF NERVE AND IMUSCLE 

CLARA TORDA aot HAROLD G. WOLFF 

From the New York Hospital and the Departments of Medicine {Neurology) and Psychiatry, 

Cornell University Medical College 

NEW YORK CITY 

T he effect on the action potential of nerve and muscle of a potent and prob- 
ably specific inhibitor (1-3) (2-methyl naphthoquinone) of choline acetylase 
was investigated to ascertain whether or not it impairs the function of nerve 
and muscle. Should impaired function be exhibited, and, assuming that disturbances 
in acetylcholine synthesis under the circumstances is the only biochemical action of 
the naphthoquinone, it might be inferred that acetylcholine is essential to the main- 
tenance of proper neuro-muscular function. 

IIETHOD 

Action potential measurements were made on a) isolated frog organs and 6) organs 
of mouse and rat in situ. Over 20 preparations were used in each group. 

A . Isolated Frog Organs. Either the sciatic nen^e or the sciatic nerve together with 
the attached gastrocnemius muscle were suspended in frog Ringer’s solution at room 
temperature (23° C.). During the entire experiments a gas mixture containing 5 per 
cent carbon dioxide and 95 per cent oxygen was bubbled through the bathing fluid. 

B. Organs in Situ. The spinal cords of mouse and rat were destroyed up to the 
midthoracic region under light ether anesthesia. A few hours afterwards the animal 
and its leg at the knee joint were firmly fixed to an animal board. 

ActionPotent{alMea 5 ure)nents.Stxnmla.tmghake\\te insulated silverwire electrodes, 
4 mm. apart, were placed under the nerv’^e. The same type of recording electrodes were 
placed under the nen^e (2 cm. apart) and in the muscle (one in the tendon of tlie gas- 
trocnemius muscle and the other in tlie upper half of the muscle). Stimuli with a 
repetition rate of ii pulses per second and of ‘supramaximal’ intensity were delivered 
every 10 minutes for 30 seconds. Supramaximal intensity was maintained by increas- 
ing the intensity of the stimulus wherever the threshold increased. The action poten- 
tials of the nerv’^e and muscle (either diphasic or monophasic) were observed by a 
cathode ray oscilloscope. The sweep circuit of the oscilloscope was synchronized 
with the stimulator so that successive stimuli and action potentials were superimposed 
on the screen of the cathode ray tube. Either single or superimposed action poten- 
tials were photographically recorded. 

2-Methyl Naphthoquinone. After the action potential remained constant for two to 
three series of stimulations the effect of the naphthoquinone was tested by the follow- 
ing method: a) The isolated organs were immersed during the 10-minute rest periods 
into a Ringer’s solution containing the naphthoquinone in concentrations of i X 
b) the animals were injected with the naththoquinone intraperitoneally in 
amounts computed to give a final body concentration of i X 

Received for publication January ii, 1949. 
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Direct Stimulation of Muscle. The muscle was directly stimulated with a current 
having a repetition rate of 5 pulses per second and being of ‘supramaximal’ intensity. 
This direct stimulation was delivered before and immediately after repetitive indirect 
stimulation. The muscle contraction was recorded b}’’ a kymograph through an iso- 
tonic lever attached to the end of the tendon of the gastrocnemius muscle. 

Controls. Isolated preparations and living animals treated and stimulated as de- 
scribed above (except that they were not treated with the naphthoquinone) served 
as controls. 

RESULTS 

A, I. Isolated Nerce Preparation. The neiv^e was stimulated for 30 seconds at 10- 
minute intervals. The threshold, the amplitude of the first action potential, as well 
as the conduction velocity, of the control ner\'es remained unaltered for several 


r ■ ai P 5 



Fig. I. Actiox potential records of isolated nerto (stimulation with ii pulses per 
sec.), i) Action potential taken at the beginning of 30-sec. stimulation period, nerve immersed in 
Ringer’s solution; 2) action potential taken at the end of the 30-Eec. stimulation period; 3) same as 
1 taken after i-hour immersion in the solution of the naphthoquinone; 4) same as 2 taken after i-hour 
immersion in the solution of the naphthoquinone; 5) same as i taken after ij-hour immersion in 
the solution of the napthoquinonc; 6) same as 2 taken after li-hour immersion in the solution of 
the naphthoquinone; 7) same as i taken after 20-min, washing with Ringer’s solution; S) same as 2 
taken after 20-min. washing with Ringer’s solution; 9) same as i taken after 40 min. washing with 
Ringer’s solution; 10) same as 2 taken after 40-min. washing with Ringer’s solution. 

hours. The amplitude of the action potential decreased on the average 5 per cent 
during each 30-second stimulation period. Complete recovery occurred during the 
lo-minute rest periods. 

The conduction velocity and the amplitude of the action potential of the nerve de- 
creased and the threshold increased when immersed in solutions of the naphtho- 
quinone. An immersion of 45 minutes or more was required before the appearance 
of the first changes in nerve function. The amplitude of the action potential decreased 
on the average 30 per cent during each 30-second stimulation period. Recovery did 
not occur during the lo-minute rest periods in the naphthoquinone solution (fig. i). 
Finally, the action potential disappeared almost completely. Prolonged washing 
with Ringer’s solution reversed the effect of the naphthoquinone. Recovery of the 
conduction velocity preceded the recovery of the amplitude of the action potential. 

2. Isolated Nerve-Mttscle Preparation. The threshold and the inter\’’al of time 
elapsing between the stimulating shock and the appearance of the muscle action po- 
tential, with nerve-muscle preparations immersed only in Ringer’s solution, remained 
unaltered for at least one hour. The amplitude of the muscle action potential usually 
increased during the first few seconds of stimulation and did not decrease during the 
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30-second stimulation period as compared to tlie first action potential of this stimula- 
tion period. The amplitude of the first action potential of each 30-second stimulation 
period remained unaltered for at least half an hour and decreased on the average by 
20 per cent at the end of one hour. 

Immersion of nerve-muscle preparations in solutions of the naphthoquinone 
caused within a few minutes an increase in the latency and the threshold, and a 
decrease in the amplitude of the action potential. The amplitude of the action poten- 
tial decreased on the average 50 per cent during each 30-second stimulation period. 
Recovery did not occur during the lo-minute rest periods in the naphthoquinone 


Fig. 2. Action potenti.\l records 

OF ISOLATED GASTROCNEMIUS MUSCLE during 
stimulation of the sciatic nerve (stimulation 
with II pulses per sec.) i) Action potential 
taken at the beginning of the 30-sec. stimula- 
tion period before immersion in the solution 
of the naphthoquinone; 2) action potential 
taken at the end of the 30-sec. stimulation 
period; 3) same as i taken after lo-min. 
immersion in the solution of naphthoquinone; 

4) same as 2 taken after lo-min. immersion; 

5) same as i taken after 30-min. immersion; 

6) same as 2 taken after 30 min. immersion. 




Fig. 3. Action potential records of 
GASTROCNEMIUS MUSCLE of rat in situ during 
indirect stimulation (stimulation wth ii 
pulses per sec.) i) Action potential taken at 
the beginning of a 30-sec. stimulation period 
before injection of the naphthoquinone; 2) 
action potential taken at the end of the 30- 
sec. stimulation period; 3) same as i taken 
10 min. after injection of naphthoquinone; 

4) same as 2 taken 10 min. after injection; 

5) same as i taken 30 min. after injection; 

6) same as 2 taken 30 min. after injection. 


solution. Within 30 minutes the amplitude of the first action potential of the 30-second 
stimulation period averaged 25 per cent of the amplitude of the corresponding first 
action potential before immersion in the naphthoquinone solution (fig. 2). 

B, I. Indirect Slimtilalioti of Muscle in Siht. The threshold, the amplitude of 
muscle action potential, as well as the conduction velocity, remained unaltered in the 
control animals during indirect stimulation for several hours. The amplitude of the 
action potential decreased on the average 10 per cent during each 30-second stimula- 
tion period. Complete recovery occurred during the lo-minute rest periods. 

In animals injected with the naphthoquinone the amplitude of the muscle action 
potential decreased and the latency and the threshold increased during indirect 
stimulation. The amplitude of the action potential decreased during each 30-second 
stimulation period on the average by 45 per cent. Recovery did not occur during the 
lo-minute rest periods. The action potential finally dropped to zero (fig. 3). 
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2. Direct Stimulation of Muscle in Situ. In the control animals the magnitude of 
contraction of tlie gastrocnemius muscle remained unchanged during repetitive in- 
direct stimulation. The magnitude of contraction on repetitive direct stimulation 
before and after indirect stimulation, also remained the same. 

In injected rats the contraction of the gastrocnemius muscle on repetitive in- 
direct stimulation decreased in a degree similar to that of the action potential. The 
magnitude of muscle contraction on repetitive direct stimulation before and after 
indirect stimulation was approximately the same (fig. 4). 


Fig. 4. Kymooraph records of the gastrocnzuius 
MUSCLE during direct stimulation (stimulation with s pulses 
per sec., rat). Left, record taken before indirect stimulation 
in a rat injected i^*ith the naphthoquinone. R/g/4, record 
taken immediately after indirect stimulation. 



DISCUSSION 

The experiments indicate that 2-methyl naphthoquinone decreases the con- 
duction velocity and the amplitude of action potential of nerv^e and increases the 
threshold. The contractile mechanism in the muscle is, however, not impaired in the 
presence of 2-methyl naphthoquinone in a concentration of approximately i X 
smee the muscle contraction on repetitive direct stimulation did not change 
significantl3\ 

These results agree with those reported from this laboratorj’’ (4) showing that 
inhibitors of choline acetylase decrease the response of striated muscle to indirect 
stimulation as measured by myography. This decrease simulates a curare effect but 
is induced by a different mechanism. Curare interferes at the receptors of the effector 
cells with acetylcholine, whereas the naphthoquinone is a potent inhibitor of choline 
acetylase (1-3) and does not interfere, in the concentrations used, with acetylcholine 
at the receptors of the effector cells (i). 

The decreased nerve and muscle function found in the presence of naphtho- 
quinone in concentrations of i X io~®iVi was probably due to its effect in decreasing 
acetylcholine synthesis, since the concentrations required to inhibit the activity of 
enzymes other than choline acetylase — cholinesterase (i), urease (5), catalase (6), pa- 
pain (7), and enzymes involved in aerobic and anaerobic lactic acid formation (8) — 
are greater than i X Other inhibitors of choline acetylase — ^monoiodoacetate, 

iodoacetate (9-11), toxin of Clostridium botulinum (12, 13), alloxan (4, 14-16), a- and 
;S-naphthol (4, 14-16) — were also found to decrease the action potential (ii, 4, 16). 
The results with many of these agents cannot, however, be interpreted as being ef- 
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fected only through inhibition of acetylcholine synthesis, e.g. iodoacetate and iodo- 
acetamide inhibit, in the concentrations used, the metabolism of triosephosphate 
(17) causing a decrease of regeneration of energy-rich phosphate bonds. Therefore, 
iodoacetate and iodoacetamide probably act through many mechanisms besides in- 
hibition of acetylcholine synthesis. 

Acetylcholine probably acts at more than one point. It is, however, likely, that 
the anoxic depolarization of nen^e is dependent on the presence of acetylchohne. 
This assumption may be made since a) anoxia induces depolarization of nerve (ii) 
without an inhibition of the activity of choline acetylase (10); h) iodoacetate prevents 
anoxic depolarization (ii) and inhibits acetylcholine s}mthesis (9, 10); and c) most 
of the other processes known that could be considered as the cause of anoxic de- 
polarization (e.g. inhibition of glycolysis resulting in interrupted regeneration of 
adenosinetriphosphate) are inhibited in the nerve by both iodoacetate (17) and 
anoxia (ii). 

*/ SUMMARY 

The effect of 2-methyl naphthoquinone on the function of nerve and muscle was 
investigated in vitro and in vivo. In the presence of low concentrations of the naphtho- 
quinone the latency and the threshold increased and the amplitude of the action 
potential of nerve and muscle decreased. The muscle function on direct stimulation 
was not significantly impaired. Since the naphthoquinone, in the concentrations used, 
is known to inhibit only the activity of choline acetylase, the dysfunction observed 
suggests that acetylcholine is necessary to maintain an optimal function of nerve. 
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MUSCLE RECOVERY AFTER NERVE SECTION AND SUTURE 

G. CLINTON KNOmTON 

From the Department of Physical Medicine^, Emory Vniversity School of Medicine 

EMORY UNIVERSITY, GEORGIA 

T hat partially denervated skeletal muscle makes some spontaneous recov- 
ery, improving in weight and strength, was shown in three separate but 
almost simultaneous reports by van Harreveld (i), Hines, Wehrmacher and 
Thompson (2) and Weiss and Edds (3). The general experimental procedure used 
by these three groups was to remove a portion of the spinal roots supplying 
innervation to a skeletal muscle. There was then an early loss of weight and strength 
of the muscle followed by some spontaneous improvement. This improvement was 
proved not due to regrowth of the sectioned nerve roots. Rather it seemed to depend 
upon two factors: a) hypertrophy of the remaining inner\’’ated muscle and h) an 
increase in the number of innervated muscle fibers through adoption of some of the 
denervated muscle fibers b}’’ axone branches from the intact motor nerves. It seemed 
as if this second factor was the most important in the recovery. 

It has long been suggested that by inducing increased branching of peripheral motor axones an 
improvement in partially denervated muscle could be obtained. Claims for such induced branching 
with good clinical results, have been made by Feiss {4) and Dogliotti (5). In these instances axone 
branching W'as produced by nerve section and suture or by nerve crush. 

A much more extensive series of attempts to mobilize the residual nerve supply for reinnerva- 
tion of partially denervated muscle was reported by Billig, van Harreveld and Wiersma (6). Their 
results did not show the spectacular success of Feiss (4) and of Dogliotti (5) but they concluded that 
nerve crushing (neurotripsy) by either an open or closed method did, in many instances, result in 
muscle improvement. This was particularly the case if the muscle had a poor innervation before 
neurotripsy was done. On the other hand, many of the better innervated muscles suffered a loss in 
size and function as a result of the neurotripsy procedure. 

The question arises whether such a deliberate nerve section or crush will really enhance the 
tendency that intact fibers have for adoption of denervated muscle fibers. A recent report by Fredrick 
and Kossman (7) indicates that for the partially denervated anterior tibial muscle of the dog closed 
manual neurotripsy results in no increase of muscle weight and strength over that which will occur 
spontaneously. 

In the experiments described here the question w'as posed as to whether the 
extent of recovery in a reversibly denen^ated muscle could be enhanced by neuro- 
tripsy. Rats w^ere used as the experimental animal. A nerve lesion was made by cut- 
ting the sciatic nerve at the level of the greater trochanter and repair made by imme- 
diate end to end suture of the nerve. The nerve was cut with a fine scissors rather 
than with a knife on a block so that the end to end suture did not result in the best 
possible recovery. Statistically the method produces muscles w^hich at maximum 
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recovery have very similar degrees of partial denervation. Changes in muscle weight 
and muscle strength were followed for 158 days in such animals to determine the rate 
and extent of recovery. In similarly prepared animals a closed neurotripsy was done 
on the gastrocnemius and the extent of muscle recovery compared with those with- 
out neurotripsy. Further, a series of normally innervated muscles was subjected to 
closed neurotripsy and the acute and chronic effect of this on fuUy innervated muscle 
so determined. The closed neurotripsy was done by placing the leg of the animal 
upon a brass block and beating the gastrocnemius muscle through the skin with a 
small brass hammer driven by a ‘Vibrotool’. 

Muscle strength was measured with a torsion lever using optical recording. 
Stimuli were rectangular electrical pulses of supermaximal intensity and of a pulse 
duration and frequency suited to the irritability status of the nerve or muscle under 
test. 


Tabit: I. Muscle changes eoixowing nerve section and suture 


NO. OF 
ANIMALS 

TIME IN DAYS 
AFTER NERVE 
SECTION AND 
SUTURE 

MUSCLE* 

Weight 

pi 

Stre 

Direct stimulation 

Qgth 

Nerve stimulation 

Per muscle 

pi 

Per muscle 

pi 

6 

0 

97.7 


97.0 

* 

113-0 


8 

14 

57-7 

.000 

28.1 

,000 

0.0 

.000 

8 

28 

36.8 

.000 

17.2 

.014 

I.I 

.290 

7 

S6 

SO - 7 

.000 

20.3 

.027 

7-1 

.001 

5 

82 

70. S 

,000 

44.8 

.000 

30.4 

.000 

.8 

91 

74-9 

.239 

61. S 

.004 

52.4 

.000 

9 

iS8 

75-3 

.922 

59-6 

.768 

57-1 

.023 


* Values expressed as percentage of the contralateral unoperated control. * P for the Fisher 
t for successive diSerences. 


Changes in muscle weight and strength in the time following nerve section and 
suture are shown in table i. Weight recovery may be regarded as completed at 91 
days after nerve section or about 63 days after the first functional signs of reinner- 
vation. Permanent impairment has resulted from the nerve lesion as shown by the 
final weight attained. 

The muscle response to direct stimulation lags behind the weight recovery. 
There is only a slight change in weight between the 82- and 91-day period while 
there is a significant increase in strength during the same time. This strength increase 
must be predicated on an improvement in the functional capacity of the muscle cell 
cytoplasm. 

^^diile the muscle strength recovery in response to direct stimulation seems to 
be complete at 91 days it will be noted that further increase in the muscle response 
to nerve stimulation occurs between the 91- and 158-day periods. From these rela- 
tions in recovery it appears that the reinnervation has its first effect upon muscle 
weight, that functional restitution of the muscle cell cytoplasm follows this structural 
replacement, and that these increases in weight and strength, while dependent upon 




















472 


G. CLINTON KNOWLTON 


Volume 158 


the reestablished nerve supply, precede in time the actual achievement of motor 
control of the muscle by the nerve. Thus the sequence of restitution seems to detect 
a trophic influence of motor nerve upon muscle beyond the motor command that the 
nerve has over the muscle at that time. 

The result of applying the neurotripsy technique to normally innervated muscle 
is shown in table 2. This indicates extensive acute damage to the muscle w'ith motor 
nerve injur}’- beyond the muscle damage. The gross appearance of such a muscle 
immediately after the beating is rather discouraging. Mascerated, pulpy and bloody, 


Table 2. Muscle changes following neurotripsy to coxipletely innervated xiuscle 




MUSCIE' 

NO. OF 

TIME IN DAYS 
AFTER 

NEUROTRIPSY 



Strength 

ANIiIAI.S 

Weight 

P'- 

Muscle stimulation 

Nerve stimulation 

! 




Per muscle 

pi 

Per muscle 

Pi 

6 

0 

101.3 

.884 

n 

.027 

44.0 

.010 

10 

62 

96.4 

•392 

■B 

.992 

109.0 

.300 


^ Values expressed as percentage of the contralateral unopcratcd control. - P for the Fisher 
for difference from unoperated contralateral control. 


Table 3. Muscle celvnges following neurotripsy to partially innervated muscle 

^ \ 



TIME IK DAYS FROM 

1 Musaxt 

NO. OF 


j 




Strength 


ANIMALS 

Nerve 

Nerve 


1 






section to 

section to 

Weight 

Pi 

Muscle stim. 1 

Ncn*e sUm. 


neurotripsy 

examination 










Per muscle 

pi 

Per muscle 

pi 

s 

25 

82 

103.0 

•525 

mSi 

.506 

116.2 

•346 

10 

56 

158 

99.0 

•936 

■SB 

.856 

91.0 

.191 

8 

91 

158 

IOI.7 

.728 

100.8 

.922 

93-6 

.269 


^Values expressed in percentage of average of muscles having same nerve cut, suture, and 
recovery time but no neurotripsy. 

“ P for Fisher i for difference between neurotripsy and non neurotripsy. 


it appears that permanent damage must have been done. That these changes are 
completely reversible is shown by the response of such muscles after 62 days recovery. 
They are then the equal of their contralateral controls in all respects. From this it 
w’as concluded that such a neurotripsy could be done to produce over 50 per cent 
acute denervation and still allow complete recovery so that there should be no loss 
from tlie neurotripsy per se to mask any gam that might result from its application 
to partially denervated muscle. 

The results of applying neurotripsy to partially denervated muscles are given in 
table 3. An early neurotripsy group w’as done 25 days after nerve section. At this 
time very little muscle reinnervation had occurred. An intermediate group received 
neurotripsy at 56 days, a time when very rapid reinnerx’ation was occurring, and a 
late neurotripsy group xvas treated 91 days after nerve section when weight and 
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muscle strength recovery had readied a maximum. The results show that the neuro- 
tripsy procedure was without effect since it neither enhanced nor retarded the extent 
of recovery. Thus these results are in agreement with those of Fredrick and Koss- 
man (7). The inducement of motor nerve fibers to adopt adjacent denervated muscle 
fibers is an attractive objective, but it appears that the neurotripsy procedure is not 
reliably adequate to induce motor nerve fibers to exceed their spontaneous adoption 
potential. 


SUMMARY 

The rate of restitution of muscle weight and strength after motor nerve section 
and suture has been determined. The sequence of the recovery of weight and of con- 
tractile power in response to direct stimulation and in response to nerve stimulation 
indicates a trophic influence of the motor nerve on the muscle beyond the ability 
that the nerve has for muscle excitation. 

Neurotripsy done at various times after nerve section and suture did not alter 
the final extent of muscle recovery. 
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RESPONSES ELICITED BY COMBINED STIMULATION OF 
PAIRS OF FIXED ELECTRODES IN THE 
UNANESTHETIZED MONKEY^-^ 

GEORGE CLARK 

Vrom the Department of Anatomy^ The Chicago Medical School; and the Yerkes Laboratories 

of Primate Biology 

ancAGO, ILLINOIS; orange park, plorida 

■ AND 

JAMES W. WARD 

From the Vanderbilt University Medical School 
NASimLLE, TENNESSEE 

A NUMBER of reports have been made on the effects of stimulation of the 
cerebral cortex in the unanesthetized animal (i, 2) but we have found none 
concerning the effects of concurrent or immediately consecutive stimula- 
tion of two or more cortical points in such preparations despite the fact that such 
studies have been fruitful in the anesthetized animal. The effects of concurrent or 
successive stimulation of two points are of special interest in view of the problems 
raised by the discovery of the so-called suppressor bands (3, 4). The following report 
is concerned with the influence of stimulation of the anterior suppressor band upon 
the excitability of other cortical regions in the unanesthetized monkey. 

METHODS AND RESULTS 

Electrodes were implanted aseptically in 10 immature macaque monkeys under 
nembutal anesthesia (2). Figure i shows the right hemispheres of these monkeys, 
upon which the sites of the stimulating electrodes are marked. In the first diagram 
{monkey 18), the positions of all the electrodes implanted in that hemisphere are 
given, while in the remaining monke}^ only the electrodes used in this study are 
shown. Even numbers indicate that the electrode was located on the right hemisphere, 
the odd numbers on the left. On the day following the operation, when the animals 
were awake and alert, they were placed in an examination chair and stimulated with 
60 cycle sine wave current derived from the lighting circuit. The specific pairs of 
electrodes to be used as well as the required current strengths were decided after 
study of the responses elicitable from each electrode separately. This portion of 
the work has already been reported (i). 

It is difficult to place an electrode on the anterior suppressor band accurately 
Received for publication May 26, 1949. 

1 An abstract of this paper appeared in Federation Proc. 8: 26, 1949. 

’ These experiments were all performed in the Department of Anatomy, Vanderbilt University 
Medical School, while the senior autlior was on a short leave of absence. 
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from surface markings of the skull. Since, however, Bailey, el al. (5) found that the 
anterior suppressor band was closely related to area 8, the region giving head and 
eye movements, we chose for further study those electrodes eliciting such movements 
in a given animal from the several implanted in that general region. With such an 
electrode as one of a pair in each experiment, another electrode on the same side 
usually, which gave either arm or leg movements was used. 



Fig. I. DiAGRAirs showing sues of mpLANrsv electrodes 


A condensed protocol giving pertinent data from one of these experiments 
{monkey 23) follows: 


ELECTRODE 

VOLTAGE 

DtTEATIOH 

SESFOttSE 

2 

0,8 

4 sec. 

Head turned to left but no eye movements were 
observed. 

4 

0.8 

4 sec. 

With about § second latency the leg was flexed. 

Both 

0.8 

4 sec. 

With the stimulus the left hind leg was flexed and 


head began to turn to left. Leg did not relax for 20 
seconds. ‘ 


The results are summarized in table i. Following the number of each animal are 
4 columns indicating the location of the primary movement (as in eye, head, arm or 
leg) elicited from each of the particular electrodes selected for combined stimulation. 
In many cases movements in more than one of these locations occurred with the 
particular strength of current used. Thus in monkey 26 stimulation by electrode i 
produced movements in head, arm and leg. The order of stimulation is indicated by 
I the symbols S — simultaneous, C — consecutive (routinely in consecutive stimulation 
I the first electrode activated was the one from which head or head and eye movements 
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could be elicited), CB — where both orders were used and B — both consecutive and 
concurrent stimulation. Any change in the response is indicated in the following 
column. It is noteworthy that aU changes in duration, amplitude or in extent of 
movement were toward an augmented response and in no case did the reverse occur. 
Clonus occiured in many animals at the current strengths selected. In several of 
these clonus occurred with the combined stimulation but was not present in the 


Table i. SumiARY of besolts 


HONKEV 

NO. 

1 PMMAKY MOVEMENT rREmaNARY STIMtIIATION 

ORDER OF 
SmnJLATlON 

1 

CHANCES IN 
RESPONSE 

CLONUS 

Head 

Eye 

Arm 


Preliminary 

stimulation 

Combined 

stimulation 

18 



4 

6 

s 

In 

Yes 

Yes 

19 



I 

3 

s 

In 

No?‘ 

Yes 


X* 


2 , 4 

2,4 

s 

In 

Yes 

Yes 

20 

5 

5 


3 

s 

None 

Yes 

Yes 

21 

3 


3 

s 

s 

In 

No 

Yes 

23 

2 

2 


4 

s 

In 

No 

Yes 

24 

2 


2 

4 

B 

In?» 

Yes 

Yes 





1. 3 ‘ 

S 

In 

No 

No 


6 

i 

6 , 8 


C 

In 

No 

No 

26 



I. 3 


CB 

In 

No 

Yes 

27 

7 

7 

10 


C 

In 

Yes 

Yes 

28 

I 

I 

10 


C 

None 

Yes 

Yes 


7 


10 


CB 

None 

Yes 

Yes 

29 

I 


1 

5 

® ! 

In j 

No 

?* 


1 At intensity of stimulation used in combined stimulation clonus appeared inconstantly during 
preliminary stimulation. 

® There were no head and eye movements during preliminary stimulation but they did appear 
as part of the response to combined stimulation. This is indicated by the x in those columns. 

’ This increase in response may be doubtful but if any change can be considered it was in this 
direction. 

■* The voltage used for electrode i was below threshold, nevertheless knee flexion (the primary 
movement from electrode i) was present. The response from electrode 3 was primarily inversion and 
dorsiflexion of the foot. 

^ There was a clonic jerk following the response to combined stimulation and 3 such jerks when 
there was a 4-second delay between the 2 stimuli. However, with consecutive stimuli (at a slightly 
lower voltage) there was no evidence of clonus. 

earlier single stimulation at the same intensity. The opposite effect was not seen 
It should be emphasized that there was never any indication of inhibition eitlier of 
movement or of after discharge. In summary, the responses to combined stimulation 
of two points were augmented as compared with the responses obtained from sepa- 
rate stimulation in ii of the 14 attempts. 

Aside from the possibility that stimulation of a suppressor band might have 
produced unconsciousness in an unanesthetized patient (6, 7), there are two responses 
which study of the literature would lead one to anticipate eliciting under the condi- 
tions of our experiments. These are: i) a holding in abeyance of a cortical after dis- 
charge and 2) suppression of a motor response. The latency of the first of these is 
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very short even in the anesthetized animal where electrical stimulation of a suppressor 
band is said to inhibit immediately the clonic after discharge so readily produced by 
supraliminal stimulation of the motor cortex. One could have reasonably expected 
that mild clonus at least would have been inhibited rather than facilitated in the 
nonanesthetized animal by suppressor band stimulation. Since McCulloch (3) has 
shown tliat the duration and latency of suppression of a motor response are functions 
of the depth of anesthesia, it could be expected that such responses would have a very 
short latenc}’- in the unanesthetized animal and that suppression of a motor response 
should therefore have been apparent under the conditions of our experiments. 

Two explanations may be advanced for the results obtained. It is possible that 
suppression is an artifact that can be elicited only under definitely abnormal condi- 
tions. Some support for this view may be gleaned from the literature. For example, 
how can one interpret the statement of Gellliorn (8) that "suppression is most 
easily elicited 18 or more hours after the operation” (his animals were under continuous 
Dial anesthesia) as other than that abnormal conditions must prevail in order to 
demonstrate this phenomenon. Furthermore, Clark, el al. (9) report that they were 
able to elicit suppression in dogs anesthetized with Dial but were unable to do so 
m the same animals when they were awake and alert. Since these workers used im- 
planted electrodes, constant points were stimulated. When the present report of 
facilitation rather than suppression in the unanesthetized monkey is added to this, 
a rather strong case can be made. On the other hand, we are inclined to the view that 
both facilitation and suppression (4) can be elicited from the same cortical area, and 
that separation of these responses is possible under proper conditions. Under Dial 
anesthesia facilitative responses may be selectively eliminated as was shown in the 
dog by Clark, el al. (9), With other types of anesthesia suppression may be demon- 
strated with difficulty -while in the unanesthetized animal facilitative responses may 
completely mask suppression. Such a statement, however, gives no clue concerning 
the role, if any, which suppression plays in the intact animals. 
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, EFFECT OF CARBON DIOXIDE ON BRAIN GLUCOSE, 
LACTATE, PYRUVATE AND PHOSPHATES'’"" 
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From the Departments of Psychiatry, Pharmacology, and Biological Chemistry, 
University of Illinois College of Medicine 

CHICAGO, ILLINOIS 

C ENTRAL nervous activity is considerably affected by procedures tliat cause 
changes within the carbon dioxide system of blood and tissue. For example, 
respiration of suitable concentrations of carbon dioxide induces h3T3erpnea, 
convulsions and anesthesia. H3rperventilation tends to induce relatively high-voltage, 
low-frequency cortical potentials and, in petit mal, typical seizure discharges (i). 
Conversely, petit mal seizures can be interrupted by increasing the carbon dioxide 
concentration of the inspired air (2). The total carbon dioxide content of arterial 
and jugular blood fluctuates abnormally prior to the onset of seizures (3). Repeated 
breathing of high concentrations of carbon dioxide appears to relieve certain neu- 
roses (4). Moreover, breathing gas mixtures containing large (15-30%) amounts of 
carbon dioxide raises the convulsive thresholds to certain drugs and to electric shock, 
whereas it lowers the convulsive threshold to other drugs (5, 6). 

At present there is insufficicat information to warrant extensive consideration of the basic 
cellular mechanisms whereby the carbon dioxide sj’stcm might affect central nervous activity. It 
appears that, due to relatively rapid rates of diffusion, the carbon dioxide and carbonic acid concen- 
trations of the blood are the primary determinants of the hydrogen ion concentration of muscle (7) . 
Generalization from this supports the impression that central control of respiration is more respon- 
sive to blood levels of carbon dioxide and carbonic acid than to the level of hydrogen ions (8). The 
central presence and localization of carbonic anhydrase (9) and the pathological variations in its 
concentration (10) suggest a special r61e for the carbon dioxide system in central nervous metabolism. 
The increase in cerebral blood flow (ii) and consequent increase in oxj'gen tension of cortex (12) 
brought about by breathing increased concentrations of carbon dioxide and the decrease in flow (ir) 
and oxygen tension (12) induced by hyperventilation are variables pertinent to considerations of 
central effects of the carbon dioxide system 

In the present work, in order to gain information that might further rational 
consideration of the role of carbon dioxide in central nervous metabolism, the cere- 
bral hemispheres of cats were assayed for glucose, lactate, phosphates and pjnruvate 
following changes which were effected in several ways within the carbon dioxide 
system. 

EXPERIMENTAL 

Procedures. Cats were employed as the experimental animals. They were para- 
lyzed with dihydro-j 3 -erythroidine, maintained with artificial respiration, and the 
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skulls exposed for eventual freezing of the brain. One hour after onset of paralysis 
the animals were subjected to particular experimental procedures at the end of which 
the brains were frozen by pourmg liquid air on the exposed skulls. Arterial blood 
was taken in heparin at appropriate times. The electrical activity of heart and brain 
was recorded during tlie experiments with a six-channel Grass Electroencephalograph. 
The EEG leads were taken from screw t3q3e electrodes placed bilaterally over the 
center of the cerebral cortex. Blood gases were measmred manometrically with the 
usual Van Slyke apparatus. The hydrogen ion concentration of blood was measured 
with the Beckman meter, model G, using Model 290J electrodes to prevent es- 
cape of carbon dioxide. The preparation of the animals and otlier methods of assay 
have been reported in detail (13, 14). 

Lactaic and Pyruvate. The effects of various experimental conditions upon the 
concentrations of brain lactate and pyruvate are indicated in table i. The highest 
level of lactate was found in the animals having the lowest level of blood carbon diox- 
ide {exper. I) and the lowest level in those breathing carbon dioxide plus 20 or more 
per cent oxygen (exper. 8-14). Intermediate levels were found in animals not given 
carbon dioxide, but having blood carbon dioxide contents higher than in expaijnent 
I {exper. 2-6). The pjauvate levels in the animals given bicarbonate, carbon dioxide 
or both were lower than in those given no special treatment (compare exper. 1-4 
with 5-15). 

The effect of breathing carbon dioxide on the concentrations of brain lactate 
and pyruvate was evident with 5 per cent {exper. 8), although not consistently {exper. 
7), and was somewhat greater with higher concentrations. Administration during 
two minutes was sufficient to induce the lower levels of lactate and pyruvate {exper. 
10). 

The concentration of brain lactate bears some inverse relation to blood carbon 
dioxide levels {exper. 1-5)', however, comparison of tlie lactate concentrations ob- 
tained when bicarbonate was administered {exper. 5, 6) with the concentrations 
foimd when carbon dioxide was given {exper. 8-14) indicates an exception to this 
apparent relation. The brain lactate level obtained when bicarbonate was admin- 
istered alone {exper. 5) was higher than when carbon dioxide was also given {exper. 
6). This, and the finding that administration of carbon dioxide alone resulted in the 
lowest lactate levels, suggests an inverse relation between the hydrogen ion concen- 
tration of blood and the concentration of brain lactate. However, the hydrogen ion 
concentration of blood cannot be the only determinant of brain lactate since the 
relatively high concentration of hydrogen ions in blood produced by injection of 
hydrochloric acid {exper. 18) was hot accompanied by a particularly low level of 
brain lactate. 

The concentration of blood oxygen may be concerned in the determination of 
the lactate level, since reduction of the oxygen content of the gas breathed to to 
per cent produced an elevation of lactate concentration (compare exper. g and'j^)'. 
Breathing 10 per cent oxygen alone presumably would not affect the concentration 
of brain lactate (14). 

Carbon dioxide in relatively high concentration did not prevent the increase 
in brain lactate expected to accompany a suitable degree of hypoxia {exper. 16, iry 


Tabu; i. Effect of CO2 on brain lactate and pyruvate^ 


EXPER. 

NO. 

CONDITIONS 

BRAIN 

7 IKAI. BLOOD 

Lactate 

j Pyruvate 

COj 

pn 

Oj Sat. 

I 

Room air , 

2.8 ±0.2 

I0.23 ± 0,09 

30 ± 3 

7.65 rb 0,20 

0,p7 db 0,02 



(2) 

(2) 

(2) 

(2) 

(2) 

2 

Room air 

2.2 ± O.S 

0.22 ± O.II 

32 db 3 


0.98 dr 0.03 



(13) 

(12) 

(3) . 


(3) 

3 

Room air 

1.4 ± 0.3 

0.20 ± 0.08 

47 ± 4 


0.86 rfc 0.07 



(6) 

1 (4) 

(4) 

i 

(4) 

4 

100% O2; 10 min. 

1.7 ± 0.3 

0.21 ± 0.06 

36 rfc 6 

7.33 ifc 0.12 

0.99 rfc 0.03 



(4) 

(4) 

( 4 ) 

(4) ' 

(4) 

5 

I.v. bicarb.; room air 

1.4 db 0.2 

0.12 ± 0.05 

148 db 50 

7.84 dr 0.17 

0.96 rfc 0.03 



(3) 

(2) 

(3) 

(3) j 

(3) 

6 

I.v. bicarb.; 15% CO2, 

r.2 ±0.1 

O.II ± O.OI 

158 ± 46 

7.42 rfc 0.02 

I.oS dr 0.03 


85% O2; 10 min. 

(2) 

' (2) 

(2) 

(2) 

(2) 

7 

5% CO2, 95% O2; 5 ™n. 

1.8 

0.19 

44 

7.07 

0.98 


Same as 7 

0.9 

Q.I3 

46 

7.29 

I.OQ 

9 

15% CO2, 85% O2; 10 

0.6 

0.12 

70 


1 .00 


min. 






10 

20% CO2, 80% O2; 2 

0.8 

0.07 

61 

6.99 j 

1,00 


min. 






II 

20% CO2, 80% O2; s 

0.7 ± O.I 

0.07 ± O.OI 

58 ± 5 

6,94 dr 0.03 

1. 00 


min. 

(3) 

(3) 

(3) 

{3) 


12 

20% CO2, 80% 0 *; 10 

0.4 

0.06 

S6 

6.92 

1. 00 


min. 






13 

20% CO2, 80% O2; 20 

0.8 

0.06 

62 

6.95 

0-95 


min. 






14 

30% CO2, 70% O2; 10 

0.6 

0.09 

60 


1,00 


min. 






15 

15% CO2, 10% O2, 75 % 

i. 4 d=o.os 

O.II db O.OI 

57 db 7 


0.37 dr O.oS 


N2; 10 min. 

(2) 

(2) 

(2) 


(2) 

16 

15% CO2, 6% 0 ., 79% 

9.6 

0.26 

57 


0.25 


N2; 10 min. 






17 

IOO%C 02 

8.32 


106 

6.50 

0.04 

18 

I.v. HCl; 7 min. 

1-5 


32 

7.10 

0.69 

ig^ 

15% CO2, 85% O2; 10 

1.7 ± O.I 

0.14 ± 0.03 





min. 

(3) 

(3) 




20 

15% CO2, 85% O2; cya- 

5-6 


38 


1.02 


nidei.v. 






21 

Convulsions; room air 

6.2 

0.22 d: O.II 




22 

Convulsions; room air 

S.O ±0.7 

0.17 d= 0.07 






(2) 

(2) 




23 

Convulsions 15% CO2, 

2.2 ± 0.6 

0.18 ± 0.09 

60 db 4 

7.01 rfc 0.06 

1.02 rfc 0.050 


85% O2 

( s ) 

(3) 

( s ) 

(3) 

( 5 ) 

24 

Convulsions 15% CO2, 

2.5 db O.I 

O.IO ± 0.02 





10% O2, 75 % N2 

(2) 

(2) 





1 Where appropriate, 3 figures representing the mean, standard deviation and no. of animals 
(in|parentheses) are given for each assay in a particular experiment. Concentrations of lactate and 
pyruvate are expressed in msr/kg. of tissue, and CO2 content in volumes %. O2 saturation signifies 
the ratio of the O2 content of the blood as drawn to that after equilibration with room air. The data 
for lactate and pyruvate in exper. 2 and ar have been reported previously (13). Exper. 1-3 diflier in 
rates of ventilation used. In exper. 3 and 6, 60 ml. of 0.5 m sodium bicarbonate was injected intra- 
venously during the period of time indicated. In e.xpcr. 6 administration of CO2 was begun imme- 
diately after initiation of bicarbonate injection. In exper. iS, 80 ml. of 0.05 M HCl was injected 
intravenously during the period indicated. In exper. 20, 0.8 mg. sodium cyanide/kg. body weight 
ivas injected immediately after tire animal began breathing CO2. Convulsions were produced by 
intravenous injection of about 15 mg. metrazol/kg. body weight. Brains frozen at end of 180 seconds 
of convulsive activity essentially like that recorded in (13). 

- Carotids ligated immediately after the animals began breathing CO2 mixture. 
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and. 20). Tlie concentration of lactate found when the carotids were ligated during 
administration of carbon dioxide {exper. ig) was higher than when carbon dioxide 
was given alone. Therefore, it appears that cerebral circulation is involved in the 
effect of carbon dioxide on the concentration of lactate. It should be pointed out here 
that in the cat cerebral function can be maintained by the vertebrals alone. 

The foregoing remarks about lactate apply to brain pyruvate, although in lesser 
degree. 

Summarizing, it appears that the concentrations of brain lactate and p3auvate 
bear an inverse relation to the levels of blood carbon dioxide, hydrogen ions, oxygen 
and cerebral blood flow. 


TABIE 2. EfBECT of CO 2 ON BRAIN PHOSPHATES AND GLUCOSE* 


EXPEB. 

NO. 

COKDITIONS 

BRAIN 

BRAIN/PLASilA 

GLUCOSE 

IP 

PC 

ATP 

ADP 

Glucose 

I 

Room air 

4 . 7 ± 1.8 

2.2=fc O-S 

i.3db 0.5 

mm 

4.2± 1. 1 

o.36db 0.08 



(14) 

(14) 

(10) 

(10) 

(lO 

(11) 

2 

Room air 

4-2db 1.3 

2.6db 0.6 

i.S± 0.6 

o.9± 0.5 

3.9± 1.2 

o.38db 0.02 



(7) 

(9) 

( 7 ) 

(7) 

(10) 

(lO) 

3 

Bicarbonate 

3.9± 0.9 

3.odr 0.5 

i.7± 0.2 

o.7± 0,1 

3.8± 0.6 

o.43db 0.07 



(S) 

(S) 

( 5 ) 

(s) 

( 5 ) 

( 5 ) 

4 

COj 

4 . 3 ± 0-6 

2 . 2 ± O.I 

I. 4 ri: O.I 

o. 9 ± O.I 

4 . 9 db 1.9 

o.33db 0.05 



(s) 

( 7 ) 

(7) 

( 7 ) 

(10) 

(10) 

5 

Convulsions; room air 

5.8 

1-7 

0.6 

2.1 

1.9 

0.21 

6 

Convulsions; room air 

6.0i: 0.7 

o.8± 0.3 

o.gdb 0.2 

i.9± 0.6 





(2) 

(2) 

(2) 

(2) 



7 

Convulsions; 15% COj, 

3.6rh 0.5 

2.1± 0.2 

i.4± 0.2 

o.7± 0.2 

5.5± 2.0 

o.26db 0.07 


85% O2 

(4) 

(4) i 

(4). 

(4) 

( 5 ) 

(S) 


* Concentrations are expressed in mu/kg. Portions of tlie data for cxpcr. i and 5 have been 
reported previously (13). The animals used in exper, z were those of c.vper. i, j, and 4, table i; in 
exper. 3 were those of exper. 5 and 6, table i; in exper. 4 were those of exper. 8-14, table i. The ani- 
mak used in exper. 7 were those of exper. 24, table i. 

Acid-soluble Phosphates and' Glucose. The concentration of brain phosphates, 
glucose and ratio of brain to plasma glucose under various experimental conditions 
are given in table 2. The results for experiments 2--/}. were derived from data obtained 
in relatively similar individual experiments that differed in certain details. Compar- 
ison between the individual experiments was made but revealed no notable differ- 
ences. 

The data indicate that neither intravenous injection of considerable amounts 
of bicarbonate nor respiration of relatively high concentrations of carbon dioxide 
had any appreciable effect on the concentrations in brain of inorganic phosphate, 
phosphocreatine, adenosine phosphates or glucose. 

Convulsions. Data indicating the effect of breathing carbon dioxide on the 
changes in brain accompanying seizures are given in tables i and 2. As shown by 
comparison of experiments 2 with ig and 20, table i and other earlier work (13, 14, 
16), convulsions are accompanied by an increase in brain lactate and by decreases 
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in the concentration of brain high-energy phosphates and glucose. (Compare exper. 
I with 5 and d, table 2.) 

Comparison of experiments g and 23, table i, shows that seizures occurring dur- 
ing administration of carbon dioxide were also accompanied by an increase in brain 
lactate. The percentage increase was about the same as found in air; however, the 
actual increase was considerably less. Further, the increase in lactate accompany- 
ing convulsions in animals breathing carbon dioxide and 10 per cent oj^gen w'as less 
(compare exper. 15 and 22) than in animals breathing room air. 

• * ‘ Comparison of experiments 4 and 7; table 2, indicates that seizures occurring 
during administration of carbon dioxide, in contrast to the results in room air (com- 
pare exper. i and 2 with 5 and d), were not accompanied by appreciable change in 
the concentrations of high-energy phosphates. 

Although the concentration of brain glucose in the convulsed animals breath- 
ing carbon dioxide was higher than in the controls (compare exper. 4 with 7), the 
ratio of brain to plasma glucose was lower. Since, in the absence of rapid change in 
tate of metabolism or rate of supply of glucose, the ratio of brain to plasma glucose 
is relatively constant {exper. 1-4) (17), this decrease in ratio may represent a decrease 
in concentration of brain glucose effected by the seizures. 

. Summarizing, breathing carbon dioxide practically prevents the decrease in 
high-energy phosphates accompanying seizures, limits the increase in lactate, and 
has little effect on the decrease in brain to plasma glucose ratios. 

DISCUSSION 

It is known that breathing carbon dioxide increases the rate of cerebral blood 
flow and that hyperventilation decreases the rate of flow (ii) and the change in 
cerebral oxygen tension is in the expected direction (12). The rates of blood flow 
during admmistration of carbon dioxide, in the control state, and during hyper- 
ventilation are in arbitrary units about 4, 2, and i respectively (ii). The concentra- 
tions of brain lactate in what roughly corresponded to those several states were about 
0.7, 1.4, and 2.8 nui per 1000 grams respectively (compare exper. 8-14, j and i, 
table i). This nice inverse correspondence between probable rates of blood flow and 
concentrations of brain lactate, admittedly fortuitous, and the observation that 
ligation of the carotids limits the fall in lactate level accompanying administration of 
carbon dioxide suggest a major r 61 e for blood flow in determining the concentrations 
of lactate and, to a lesser extent, pyruvate in brain. Thus, it may be proposed that 
all of the present procedures that resulted in relatively low levels of brain lactate 
and pyruvate mediated their effect by producing a high rate of blood flow and, con- 
versely, those resulting in high levels (except seizures) did so by effecting a relatively 
low rate of flow. 

Blood flow might act by changing the effective concentrations of these substances 
in blood, e.g., an increase in rate of blood flow would be comparable to decreases in 
concentration of the substances in blood. From this, some relation between the con- 
centrations in blood and brain would be expected. Flowever, no consistent relation 
between blood and brain concentrations was found, and the available evidence 
indicates that markedl)’- high levels of blood lactate have little, if any, influence on 
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the concentration in brain (18). The same low levels of brain lactate and pyruvate, 
induced by administration of carbon dioxide, were found in the presence of two-fold 
differences in blood levels. Animals breathing air and having high levels of brain 
lactate and pyruvate had blood levels lower than in aninaals breathmg carbon dioxide 
and having, consequently, low concentrations of these substances in brain. ThuSj 
the essentially mechanical aspects of blood flow hardly suffice as explanation of its 
relation to brain lactate and pyruvate. 

The oxygen tension of cerebral cortex varies directly with blood flow (ii). The 
finding that decrease in the concentration of oxygen in the. carbon dioxide mixture 
breathed to 10 per cent limited the fall in lactate and pyruvate levels induced by 
the carbon dioxide suggests that the oxygen tension of brain may inversely affect 
the brain levels of the substances in question. In the case of lactate such an effect 
might proceed by varying the concentration of reduced diphosphopyridine nucleo- 
tide available for reduction of pyruvate, e.g., high oxygen tension would decrease. the 
concentration of reduced nucleotide and consequently the rate of formation of lac- 
tate from pyruvate. 

In addition, the level of pyruvate available for reduction might be reduced by 
increased efficiency of the Krebs cycle at increased oxygen tensions. There is a sug- 
gestion of this in the data since p3T:uvate drops with carbon dioxide and oxygen mix- 
tures. It does not drop with 100 per cent oxygen but there is only a small increase in 
oxygen tension of the cortex under these conditions compared to carbon dioxide plus 
oxygen (6). 

There is another related rationale for the observed changes in lactate under 
carbon dioxide inhalation. Brain is reported to have an unusually high rate of aerobic 
glycolysis (19). It has been shown in rat liver that one in eight carbons of newly 
formed glycogen comes from bicarbonate (20) and it was proposed that the glycogen 
was formed from carbon dioxide and phosphopyruvic acid. Moreover, it is known 
that carbon dioxide can be assimilated (21, 22). Presumably these reactions can also 
occur in brain since it has been demonstrated that carbon dioxide is incorporated into 
citrate in brain in vivo (23). All of these reactions would have the effect of limiting 
the amount of pyruvate available to accept hydrogen from the glycolytic mechanisms 
and might result in lowered lactates. 

Craig (24) has reported that increase in hydrogen ion concentration and total 
carbon dioxide (from i per cent to 5 per cent) results in an increase in the rate of 
aerobic glycolysis in brain slices in vitro. Levels of carbon dioxide above 5 per cent 
had no further effect. The present work is not in obvious agreement with this report, 
but it should be noted that the level of carbon dioxide in the residual alveolar air 
is approximately 5 per cent (25). The exact carbon dioxide tension of the cortex. in 
these artificially ventilated animals is not known although the value of 30 volumes 
per cent in the arterial blood is suggestive of values considerably above i per cent. It 
would appear that in the in vitro studies (24) changes were noted at values below 
normal carbon dioxide levels but not above. 

There is little doubt that carbon dioxide has profound effects upon the levels of 
lactate, pyruvate and phosphates in the brain. The mechanism by which these 
effects are mediated remains obscure. The most probable explanation is that the 
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resulting increase in blood flow and oxygen tension enabled the brain to more nearly 
balance energy demands with oxidative processes and as a consequence less lactate 
was formed and high energy phosphate reservoirs were not depleted. The effects are 
especially marked during convulsions where energy demands are high. The other 
possibilities discussed above may contribute to the overall effect, but it is the authors' 
feeling that theirs is a minor role. 

SUMMARY 

The brains of normal and convulsing cats subjected to conditions designed to 
alter the carbon dioxide — ^bicarbonate — carbonic acid system were analyzed after 
freezing with liquid air. In normal animals, breathing 10 to 30 per cent carbon dioxide 
mixtures resulted in a lowering of lactate and pyruvate levels and had little effect on 
glucose or phosphate concentrations. In convulsed animals these conditions markedly 
limited the expected rise in lactate, pyruvate and inorganic phosphate and pre- 
vented the fall in high-energy phosphates. There was a rise in brain glucose but little 
effect was found on brain/plasma glucose ratios. The results are discussed with rela- 
tion to possible mechanisms and the effects of carbon dioxide on the central nervous 
S3^tem. 

The authors wish to acknowledge with tlianks the painstaking technical assistance of Miss 
Ruth Hunvitz and Mrs. Stiscie Cutler. 
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CENTRAL CONNECTIONS FOR AFFERENT FIBERS FROM 
THE KNEE JOINT OF -THE CAT^ 

ERNEST GARDNER, FREDERICK LATIMER^ and DONALD STILWELL 
From the Department of Anatomy, Wayne University College of Medicine 

DETROIT, MICHIGAN 

N erves supplying the knee joint of the cat contain myelinated fibers, 
some of which are as large as 16 or 17. microns in diameter (i). The fiber 
spectrum resembles that found in cutaneous nerves. Most, if not all, of 
the myelinated fibers are afferent in nature and enter the spinal cord over 3 and 
sometimes 4 dorsal roots (2). Their subsequent connections have not until now been 
studied experimentally and this report presents data concerning pathways in the 
spinal cord for impulses initiated in articular fibers. 

METHODS 

Cats were used in all the experiments. Two were decerebrated under ether anes- 
thesia, while 15 were anesthetized with sodium pentobarbital given intravenously 
or intraperitoneally. The articular branches of the tibial and saphenous nerves, 
designated respectively as posterior and medial branches, were used. Two types of 
experirnental procedures were carried out! i) Articular nerves were stimulated and 
potential changes recorded from the dorsum of the spinal cord. In several experi- 
ments, attempts were also made to record from lateral funiculi. 2) Dorsal funiculi 
were stimulated and antidromically conducted impulses recorded from articular 
nerves. 

The spinal cord and hind-limb structures were covered with warm mineral oil. 
Silver wire was used for stimulating and recording electrodes. Potentials were ampli- 
fied, led to a cathode ray oscillograph and photographic records were usually taken. 

RESULTS 

Stimulation of Articular Nerves. When the posterior nerve was stimulated with 
single shocks, potential changes of relatively long duration were recorded from the 
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dorsum of the spinal cord over a distance of 30 to 40 millimeters (fig. i). Most of the 
articular fibers enter the cord over the 6th and 7th lumbar dorsal roots, to a lesser 
extent over the 5th lumbar root, and occasionally over the ist sacral root as well. 
The slow potentials were usually maximal at the 6th and 7th lumbar levels and e.x- 
hibited well-defined negative and positive phases. CraniaUy and caudally the posi- 
tive phase disappeared rapidly, and the negative phase, while detected over a greater 
extent, sometimes 6 or 7 segments, changed in amplitude and slope characteristics 
(fig. i). These slow potentials, while little affected even by deep anesthesia, were 
quite sensitive to asphyxia. 

Spike potentials preceding the negative phase were not seen, except when using 
an amplifier with high frequency response, and then not uniformly. When present, 
they were small and could be detected only at levels of entry. The fastest of them 
conducted at rates of 90 to 100 meters per second. 


Fig.i. Slow roTExxLVLS recorded from surface of 
ipsilatcral dorsal funiculus after single volleys over pos- 
terior nerve. Electrodes were bright silver wire, one 
placed on the dorsum of the cord, the other thrust into 
adjacent musculature, o. Potential recorded at the 3rd 
lumbar segment; b, 4th lumbar segment; c, sth lumbar 
segment; d, 6th lumbar segment; e, junction of 7th lum- 
bar and 1st sacral segments. Distance between a and e, 
40 millimeters. Time in 4 msec, intervals. 


Most of the experiments utilized the posterior nerv^e. Comparable studies of the 
medial nerve in two experiments gave similar results, although the potentials were 
somewhat greater in magnitude. 

All attempts to record spikes ascending in dorsal funculi at more cranial levels 
were unsuccessful. The articular nerves are small so that relatively few fimicular 
fibers are activated by stimulation of an articular nerve. Potentials are probably 
shunted, and increasing amplification merely tends to emphasize spontaneous ac- 
tivity. In a feiv experiments, attempts were made to record from the surface of the 
dorsal spinocerebellar tracts at upper lumbar and midthoracic levels, but these 
attempts were uniformly unsuccessful. Systematic exploration of these tracts with 
microelectrodes was not carried out, however, nor were recordings attempted in 
decerebrate preparations. 

Stimulation of Dorsal Funiculi. With stimulation of dorsal funiculi, antidromi- 
cally conducted impulses were readily recorded from articular nerves. Because of 
long conduction distances, there was considerable temporal dispersion (fig. 2). 
Only the initial deflections were used in the determination of conduction rates. 
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mainly because of possible complication by dorsal root reflexes (3). Section of 
ipsilateral dorsal funiculi below the level of stimulation abolished the responses, 
which could then be obtained by stimulation below the incision. 

The maximum conduction rates observed at the levels of entry of articular fibers 
were 90 to 100 meters per second, but these rates decreased rapidly within the next few 
cranial segments so that at thoracic level the 
fastest rates obsen^ed were 40 to 60 meters per 
second. Still further decrease subsequently 
occurs, since at the first cervical segment the 
maximum rates were but 20 to 30 meters per 
second. The potentials recorded after stimula- 



tion at rostral levels were also smaller and much 
simpler in form (fig. 2). 



Again, most::ijfZthere.^eriments utilized 
the posterior newe.? fill The ^twoV:experiments 
involving ; the medial - nen^e, similar \xesults 
were obtained -and the maximum conduction 


^ a 


rates observed were approximately the same. 



DISCUSSION 

Since Gasser and Graham’s report (4), 
negative intermediary potentials of the type 
recorded in the present study have been at- 
tributed to intemuncial activity. It may be 
assumed, therefore, that when articular fibers 
enter the spinal cord they give rise to a typical 
collateral formation by which synaptic connec- 
tions are made, not only in immediately ad- 
jacent gray matter but also in that of more 
cranial and caudal segments. The longitudinal 
extent of gray matter activated by articular 
nerve fibers cannot be determined exactly, 
however, since intemuncial activity at a par- 
ticular level can probably be detected one or 
two segments away from that level. The seg- 
ments to which articular fibers give collaterals 
may therefore be fewer in number than the 6 




■ \h, 




cranial and caudal segments. The longitudinal Fig. 2. Axtidromically conducted 

extent of gray matter activated by articular rupm-sEs recorded from the posterior 
. 7 j . • j .1 nerve after stimulation of ipsilateral dor- 

nerve fibers cannot be determined exactly, sal funiculus with bipolar silver electrodes. 

however, since intemuncial activity at a par- a, Stimulation of ist cervical segment, 

ticular level can probably be detected one or conduction distance 489 mm.; b, thoracic 
, ^ -• .^1. . 1 1 cord, 319 mm.; c, 3rd lumbar segment 

two segments away from that level. The seg- mm.; d, caudal part of 4th lumbar 

ments to which articular fibers give collaterals segment, 221 mm.; c, junction of 7th lum- 
may therefore be fewer in number than the 6 sacral segments, i8r mm. 

or 7 from which cord potentials could be re- msec. 

corded. Evidence of discharge over ventral roots is needed to localize the levels of 
S3maptic connections which can be activated by single volleys. 

Results obtained by stimulation of dorsal funiculi show that some articular 
fibers ascend in ipsilateral dorsal funiculi as far as the medulla oblongata. The rates 
of conduction over such fibers indicate that this ascending path is formed by proc- 
esses of the larger myelinated fibers in articular nerves. Previous studies have shown 
that such fibers arise mainly from Rufiini-type endings in certain regions of the joint 
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and that most of them are 7 to 10 microns in diameter (i). A few are large enough 
to be classified as Group I fibers, but whether they are comparable in their anatomi- 
cal coimections to Group I fibers in muscle nerves could not be determined in this 
study. 

The rapid decrease in conduction rates immediately rostral to levels of entry 
undoubtedly results from a decrease in diameter of the ascending fibers as collaterals 
are given off. Since a further decrease in conduction rate occurs in the cervical re- 
gion, it is possible that collaterals are also given off here. The ascending fibers pre- 
sumably relay in the medulla oblongata, but no studies of this feature have as yet 
been made. If articular nerves and their connections contribute in any way to posi- 
tion sense, impulses may well reacli the cerebral cortex by this pathway. 

Little is knovm concerning other ascending pathways. No positive evidence of 
conduction over the spinocerebellar tracts was obtained. Indirect evidence from pre- 
vious experiments indicates that some articular fibers are concerned with pain 
mechanisms. Changes in respiration, puke and blood pressure following stimulation 
of articular nerves resulted when such stimulation was strong enough to activate the 
smaller, more slowly conducting fibers (5). \\ffiile no direct evidence is available, 
rostral conduction, after transmission through gray matter, no doubt would be 
mainly over lateral spinothalamic tracts. 

In most of the experiments reported here the t}T>e and depth of anesthesia 
was such that reflex muscular responses were minimal or absent. Reflex activation 
of skeletal muscle following stimulation of small articular nerves may be readily 
studied only in decerebrate or decapitate preparation, and results of such studies 
will be reported in a later publication. 

SUMMARY 

Connections in the spinal cord of afferent fibers from the knee joint of the cat 
were studied as follows: i) Articular nerves were stimulated by single shocks and 
the resulting activity recorded from the spinal cord. 2) Dorsal funiculi were stimu- 
lated at various levels and antidromically conducted impulses recorded from ar- 
ticular nerves. 

The results indicate that most, if not all, articular fibers synapse with inter- 
nuncial neurons shortly after entering the spinal cord. The larger myelinated fibers, 
those arising from Ruffini-type endings, also continue rostrally in ipsilateral dorsal 
funiculi to the medulla oblongata. Maximum conduction rates at levek of entry 
were 90 to 100 meters per second, but only 20 to 30 meters per second at cervical 
levels. The decrease probably results from a decrease in diameter of the parent fibers 
as collaterals are given off. No evidence of conduction over the spinocerebellar tracts 
was obtained. 

It is a pleasure to acknowledge the technical help of Mr. Darwood Hansen, who is responsible 
for the design, construction and operation of much of the experimental equipment. 
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EFFECTS OF OXYGEN DEPRIVATION UPON 
THE COCHLEAR POTENTIALS ^ 
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CHARLES B. STRAUT 

From the Princeton Psychological Laboratory, Princeton University 

PRINCETON, NEW JERSEY 

T he basic problem of the effects of ox3'-gen want upon bodily functions has 
received an ever-increasing amount of attention in recent years, to a large 
extent as a result of the continued development of aerial flight at high 
altitudes (i). A part of this problem, which is our concern here, is the behavior of 
the ear and, more particularly, the action of the cochlea as revealed in its electri- 
cal potentials. 

Only a few studies have dealt with hearing during oxygen deprivation and their 
results have been conflicting. Aggazzotti in 1904 (la) reported a dulling of threshold 
acuity to sounds as a result of a reduction of atmospheric pressure. Lewis (2) in 1918 
and Bagby (3) in 1921, however, obser%^ed no changes when the oxygen intake was 
reduced to the point of psychological failure and collapse. 

Gelhom and Spiesman (4) in 1936 reported significant reductions of sensitivity from moderately 
severe deprivations. They determined the thresholds of hearing, mostly for a tone of 1024 cycles, 
while a subject.was allowed to breathe air that had been diluted with nitrogen, and in different tests 
varied the dilutions and periods of exposure. In a typical test they found that a mixture containing 
10 per cent of oxygen (which is the equivalent, in terms of the partial pressure of oxygen exerted upon 
the alveoli of the lungs, of an altitude of about 19,000 ft.) when breathed for 10 to 30 minutes reduced 
the acuity by a significant amount." 

McFarland (5) in 1937 used a 2-A audiometer to measure the acuity of 6 subjects at sea level and 
after an ascent of the Andes mountains to an elevation of 17,500 ft. (equivalent to an atmosphere 
at sea-level pressure containing 10.7 % of oxj'gen). He reported a reduction of sensitivity for all the 
octave tones from 64 to 8192 cycles, a reduction varying in amount from 0.8 db at 64 cycles to 10 db 
at 8192 cycles. However, these results are not to be taken at their face value, for they may be ac- 
counted for merely as instrumental changes. Rudmose and his associates (6) have shown that a tele- 
phone receiver w'hen applied to the ear in a standard manner fails to maintain its normal output of 
sound pressure when there is a reduction in the density of the air. The changes that they observed 
were of the same order of magnitude as those in McFarland’s experiment. This instrumental effect 
will account also for the earlier observations of Aggazzotti. 

To the above evidence may be added the common reports of airplane pilots that 
no depreciations of hearing are evident to them even under conditions in which 
vision is seriously affected, and up to the point where a loss of consciousness puts an 
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end to observations. These indications are in harmony with all but Gelhom and 
Spiesman’s results in showing a high resistance of the auditory sense to anoxemia. 

Another approach to this problem is the electrophysiological study of the ears 
of laboratory animals. Our method is to measure the electrical potentials generated 
in the cochlea during stimulation with sounds under normal conditions and in the 
course of oxygen deprivation. Let us first mention some preliminarj’- obser\'ations 
that throw light on tire problem. 

Probably everyone wdio has made an extensive study of the coclilear potentials 
has found that when the ear is stimulated by a steady sound (of not loo great an 
intensity) the potentials maintain a constant value over extended periods of time, 
and indeed as long as the physiological condition of the animal is unchanged. Wlien 
for some reason, as perhaps a faulty use of anesthesia, the physiological condition 
deteriorates as shown by labored, infrequent respiration and light, irregular heart 
action the cochlear potentials become impaired. Their impairment appears only in 
cxiremis: when the physiological deterioration has proceeded to a serious stage; and 
we have come to recognize this cochlear sign as a warning of the impending loss of 
the animal. 

A foregoing study (7) dealt in detail with tlie changes of cochlear potentials that 
result from the animal’s death. These potentials suffer a serious impairment just 
before the heart stops, and thereafter continue to decline rapidly for several minutes. 
When they reach a value of perhaps 20 db below normal (depending somewhat upon 
the cause of death) they decline less rapidly, and so continue for a matter of hours 
until they are no longer discernible. No doubt a number of physiological conditions 
are involved during this course of changes, but it became evident that one of the 
important ones is oxygen starvation of the cells in which the potentials are generated. 
The present experiment clearly establishes this fact. 

procedure 

This investigation was carried out on ii cats. The animals were first anesthetized 
with Dial (diallyl barbituric acid) injected intraperitoneally, and then w^ere curarized 
(with Squibb’s intocostrin, by intravenous injection) to tlie point where reflexes were 
absent and respiration ceased. They were tlien maintained for the duration of the 
experiment by artificial respiration. It is important to note that these animals were 
in a state of minimal activity: the only remaining muscular exertion was that of the 
heart. The metabolic processes had only to sustain this action and a bare subsistence 
level of general cellular activity. 

The inlet on the respirator was either open to the air — the ‘normal’ condition — 
or was attached by rubber tubing to a gas bag containing any desired respiratory 
mixture. The bag contained dilutions of air witli nitrogen in varying amounts, giving 
ox3’’gen compositions between 4 and 0.5 per cent. A gasometer was used to make up 
the gas mixtures, and it was placed in the respiratory line to indicate the rate of flow, 
which was kept at 1.5 liters/min. The heart action w'as regularly cliecked b)’’ listening 
with a stethoscope. 

The cochlear potentials were picked up with an electrode on tlie membrane of 
the round window and were measured with a selective voltmeter (the General Radio 
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Type 736-A wave analyzer). The usual procedure consisted first of systematic 
measurements on stimulation with each of 12 frequencies from 100 to 15,000 cycles 
to ascertain the general condition of the ear. Then a looo-cyde tone was adjusted 
to the intensity necessary to give a standard response, usually of 100 mv,, and there- 
after it was steadil}’- maintained at tliis level. Under normal conditions, as has 
already been indicated, this 100 /iv. response will continue with only minor variations 
for many hours and perhaps indefinitely. 

The gas bag with its contents of diluted air was then connected to the inlet of 
the respirator, and observations of cochlear potentials were made at frequent inter- 
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Fig. I. Effects on cochlear potentials of respiration with a mixture containing 3 per cent 
oxygen. The cochlear potentials are shown in microvolts by the series of points in the upper portion 
of the graph, and the pulse rate in beats /min, by the graph below. Arrows indicate when low-oxygen 
mixture was introduced and when air breathing was restored. 


vals, usually every 15 sec, but sometimes oftener when changes were proceeding 
rapidly. Often the changes were followed to the point of death and somewhat beyond, 
but usually when the heart action became seriously impaired the gas bag was dis- 
connected and air supplied to the respirator in the effort to resuscitate the animal. 
We have also used adrenalin, injected into the heart, and have succeeded sometimes 
in reviving an animal after the heart beat had become wholly imperceptible. After 
revival and a period of normal respiration, a further deprivation period ensued, and 
so on until the e,\periment was ended. 


RESULTS 

Our first observation was one already foreshadowed by the earlier discussion, 
that the cochlear potentials are notably resistant to anoxemia. Under the conditions 
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described, no changes were observed with gas mixtures containhig more than 4 per 
cent of oxygen — ^mixtmres equivalent to altitudes up to 40,000 ft. A little further 
dilution of the oxygen supply caused a slow, progressive deterioration of the po- 
tentials, until after an hour or two a level was reached from which there was little 
or no further decline. In such instances the animal evidently had made a physiological 
adjustment that sufl&ced, for a time at least, to maintain the cochlea without further 
deterioration at the level of function then reached. 

A still further reduction of tlie oxygen supply caused a more marked effect, 
characterized by a rapid initial loss and then usually a leveling off. Figure i show's 
the results obtained on one animal with a gas mixture containing 3 per cent of 
oxygen. The cochlear potentials fell during the first 30 min. from an initial value of 
248 fiv. to about 180 /iv. There they remained, with even a slight gain, for the next 
40 min, reflecting a successful adjustment during this period. The adjustment could 
not be maintained longer, however, for the potentials then suffered a second rapid 
loss to a level around 145 fi\. 

A study of the pulse record, shown in the low'er curve of this figure, gives insight 
into the nature of the physiological adjustment. At the outset of the anoxemia the 
heart increased its rate of beating from 92 to 143 per min., w'hicli of course aided tlie 
interchange of oxygen between the blood and tlie bodily tissues. This high rate did 
not continue for long, but soon fell away, and after a time had sunk to a level too low 
to maintain the cochlear potentials at the 180 (iv. level. Then these potentials 
dropped to a lower level as shown. 

After a period of oxygen deprivation of no min. the animal was respirated with 
air, whereupon, after a brief latent period, the cochlear potentials rose steadily to 
a new level around 175 tiv. 

Figure 2 represents an animal that W'as exposed to an oxygen mixture of only 
0.5 per cent. The pulse rate was rapid to begin with, and first declined, then rose 
and finally fell precipitously. Around 30 min. the heart action w'as noticeably ir- 
regular, with short periods of no beating, and w'hen at 40 min. its complete failure 
seemed imminent the respiration was changed to air. This measure failed and the 
heart stopped around 43 min. During this time the cochlear potentials fell continu- 
ously from an initial value of 100 /iV. to a value, at tlie moment the heart 
stopped, of 1.3 /zv. 

Figure 3 represents an experiment in w'hich the impairment of cochlear poten- 
tials was carried almost as far as in the precedmg, and yet an effort to resusci- 
tate the animal w'as successful. The respiratory mixture contained 0.75 per cent 
of oxygen, and in the first trial was given for 40 mm. At the end of this time the 
heart action was weak and irregular, and the cochlear potentials had fallen from 
105 to 6.5 /zv. Respiration with air strengthened the lieart beat witliout changing 
its rate and raised the cochlear potentials to 27 /zv. A second trial with the 0.75 per 
cent oxygen mixture caused a rapid deterioration of heart action and reduced the 
cochlear potentials further to 1.2 /zv. The introduction of air at this point was too 
late, for though the heart action improved for a time it then weakened and ceased. 
The cochlear potentials showed a rise to 5.2 /zv. and then a fall. It is typical that 
this fall of potentials began a little while before the heart action showed any turn 
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for the worse, and that it unden\-ent no particular change in its course at the moment 
of the heart failure. 


It is possible, as figure 4 shows, to 
carry an animal through several periods of 
anoxemia, provided that each exposure is 
brief and the heart is not allowed to deteri- 
orate too far. The animal represented here 
was exposed to a mixture containing 0.5 per 
cent of ox}'’gen for three periods of about 10 
min. each in quick succession and then after 
an hour of air breathing was given another 
period of exposure. Each period of oxygen 
deprivation caused a loss of cochlear po- 
tentials and each period on air gave a partial 
recovery of these potentials. The fourth ex- 
posure to the low-oxygen mixture caused 
the heart to fail badly and for a period of " 
two minutes, just after air respiration , was 
started, its beat could not be detected;- , Ad- 
renalin was injected into the heart, ah‘d in \ 
two minutes more the pulse was strong'-and- 
regular and the cochlear potentials had ret; ' 
covered markedly. A second injection of'" 
adrenalin was made to strengthen the heart 
further, and then this animal’s ears were 
preserved for histological study by an in- 
travital injection of fixing fluid. 

It is clear from the results represented 
here that the cochlear potentials suffer from 
oxygen deprivation when this deprivation 
is extreme, and recover somewhat when 
adequate respiration is restored. Addi- 
tional periods of deprivation cause further 
losses, and each again is followed by a 
partial recovery when air breathing is 
instituted. There is nearly always a net 
loss of cochlear potentials from each 
period of exposure, even though the 
animal may sur\dve and judging from the 
character of its heart action may seem 
little the worse on account of its treat- 
ment. Yet the recovery of cochlear poten- 
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Fig. 2. Effects of a respiratory mixture 
containing 0.5 per cent oxygen. 


tials is always limited, and a normal level is not regained even after protracted air 
breathing. As figure 4 shows, after the third exposure and the re-establishment 
of air breathing the level of potentials reached after 4 min. was not appreciably 
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improved by as much as an hour’s continuation of the air breathing. It is neces- 
sary to point out that this stud}^ has dealt only with acute conditions, and it remains 
to be discovered whether longer periods of time, or days or weeks, would restore 
the response further. 

The results given so far were obtained with a single stimulus tone of looo cycles, 
and the question naturally arises whether all tones would present this same pattern 
of changes. McFarland considered this matter in his audiometric study, and believed 
that he had demonstrated a frequency relation — a greater susceptibility to loss in 
the higher range — but as we have seen his results are brought into question by the 
possibility of purely instrumental variations. The following experiment dealt vdth 
this aspect of the problem. 



TIME IN MIN 


Fig. 3. Effects of two exposures to a re- 
spiratory mixture containing 0.75 per cent 
oxygen. 


In one animal, represented in figure 
5, a normal sensitmty curve was ob- 
tained before any anoxemia was intro- 
duced. This was done by ascertaining, for 
12 different tones over the range from 
100 to 15,000 cycles, the stimulus in- 
tensity necessary to produce a standard 
magnitude of cochlear potentials (a re- 
sponse of I MV.). The results are given in 
the lowermost cun^e of the figme, and 
show about the usual sensitivity function 
for the cat, with the keenest sensitivit}’' 
for the middle and medium high tones. 
Then the animal was e-xposed to a mix- 
ture of 0.5 per cent of oxygen for 30 
min., by which time the cochlear poten- 
tials had passed through the rapid phase 
of deterioration and were falling only 
slowly. The curve closely resembles that 
shown in figure 2, except that it leveled 
off sooner and at 30 min. was dedining 
even more slowly. At this time a second 


set of sensitivity measurements was made, 
again by presenting the various tones at the intensities necessary to produce the 
standard response. These measurements took 8 min. to carry out, and the results are 
of course subject to error on account of the progressive deterioration undergone 
during that time. We have sought to correct for this error by measuring the looo-cyde 
response at the beginning and end of this testing period and adjusting the readings 
on the assumption that the deterioration thus shown was rmiformly distributed 
over the period. The upright triangles in figure 5 represent the uncorrected readings 
and the inverted triangles the corrected readings. The corrected curve dosely 
follows the form of the normal curve, with a mean difference of 42.6 db and a mean 
variation of 1.3 db. Hence it seems that the deterioration of cochlear potentials due to 
anoxemia is independent of frequency. 
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DISCUSSION 

As an examination of the first four figures \Yill show, there were large variations 
in the temporal relations between changes in the oxygen supply and the resulting 
changes in the magnitude of cochlear potentials. When a respiratory switch was 
made the cochlear potentials sometimes began to show an effect after only a brief 
interval of 30 to 90 sec., and at other times this latency was as great as 8 min. The 
variations largely reflected the circulatory conditions then prevailing; the rate and 



Fig. 4. Effects of repeated exposures to a mixture containing 0.5 per cent of oxygen. Near 
the end of the experiment, adrenalin was administered to facilitate heart action. 

strength of the pulse, as we could observe, and no doubt also the dilitation of the 
capillaries and the degree of utilization of oxygen by the cochlear cells. 

It is necessary at this point to consider the specific seat of the potential changes 
resulting from anoxemia. There is no doubt that these changes take place in the hair 
cells of the organ of Cord. Many lines of evidence — especially from examination of 
albinotic and other animals with malformed or atrophic cochlear structures and from 
experiments on stimulation deafness — point to these cells as responsible for the 
generation of the cochlear potentials. 

If this site of the anoxic changes is the correct one, we are presented with a 
peculiar problem in view of the mode of nourishment of the hair cells. As is well 
known, these cells, along with the entire organ of Corti, do not possess any direct 
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blood supply. They evidently derive their nourishment from the endolymph, which, 
as Corti first suggested, is probably supplied by the stria vascularis, which is a band 
of pigmented cells lining the outer wall of the cochlear duct and richly sen’^ed with 
blood vessels. The mean distance of this band from the outer hair cells (specifically, 
the distance from the middle of the stria to the middle row of hair cells) was measured 
in one cat and found to vary from about 0.20 mm. at the apical end of the cochlea to 
about 0.53 mm. at the basal end, and throughout the middle portion of the cochlea 
had a fairly consistent value of 0,33 mm. 

Let us consider the structural relations in further detail. The hair cells are di- 
rectly exposed to the endol3miph only at their outer, ciliated ends. In addition, the 



FREQUENCY 

Fig, 5. Anoxemic effects as a function of stimulus frequenej'. Curves show the stimulus in- 
tensity required at various frequencies to produce a standard response of i microvolt, under normal 
conditions and in severe anoxemia. 

outer hair cells have their midportions suspended in the fluid of Nuel’s space, but this 
fluid, though common to the iimer and outer tunnel spaces, does not communicate 
freely with the endol3miph. The inner hair cells are closely surrounded by the pha- 
langeal cells and the border cells. Hence it appears that oxygen transported by the 
red blood cells difiuses from the stria vascularis over a mean path of about 0,33 mm. 
across the cochlear duct, and then enters the hair cells directly through their ends or 
more circuitously through their side walls after penetrating the reticular membrane 
and the fmrther intervening fluid or cells. 

We need to judge as to the reasonableness of this conception of the nourishment 
of the hair cells in \dew of the latencies of cochlear potential changes observed in this 
experiment. Our observations are not ideal for this purpose, for we might better 
relate the potential changes to the oxygen content of the blood rather than to the 
respiratory supply. Still, these results provide the basis for a preliminary view. 

Our minimal latencies, as stated, were around 30 sec., but these times include 
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certain external conditions. We must allow about 13 sec. for the gas entering the 
respirator to pass along the length of tubing leading to the animal, and some further 
time, which is difficult to estimate, for the replacement of the alveolar air. Then there 
is the time of the circulatory movement to the cochlea. These peripheral conditions 
will consume more than half of the observed time, and will leave something of the 
order of 10 to 12 sec. for the diffusion in the cochlea. This amount of time appears 
sufficient for the process. Yet there is no great excess of time, and we have to conclude 
that the hair cells do not have at their command any appreciable reserve of oxygen 
but must be furnished with a continual supply. Their needs though small are steadily 
demanding. - j ? r 

A comparison of the present results.with those obtained'earlier in the study of 
the death function reveals close similarities in the amoimt and teinpoiral course of 
the cochlear potential changes, arid mdicates that the .principal effect jof death on 
these potentials is the stopping of the'oxygen supply. We thereforeffeel /vVarranted in 
carrying over to the present problein a’ pi:iriciple_established in't'hhdfeath study and 
not examined further here, namely, that the rate df; dbtefforation^ the cochlear po- 
tentials imder these adverse conditions is unaffected by the intensity of stimulation 
(provided of course that this intensity is held below the level of physical injiuy). 
We have limited evidence here for still another relation found in the death study, 
that despite the deterioration of the responses the form of their intensity function 
is unaltered: their magnitude maintains its linear relation to the sound pressure at 
low and intermediate levels of stimulation and its distorted relation at high levels. 
Hence we conclude now, as we did in contemplation of the nature of cochlear activ- 
ity after death, that the cellular processes concerned in the generation of the cochlear 
potentials are essentially simple in nature, and consist of a transformation of the 
mechanical energy of the stimulus into electrical energy and do not involve any 
liberation of stored energy. 

We conceive that certain processes of a metabolic nature, dependent upon a 
continual supply of oxygen, provide a basis for this transformation but do not enter 
into it directly. Probably these processes have the duty of maintaining a base value of 
electric polarization iu the hair cells. This polarization may be thought of as a surface 
positivity of the cell membrane. It is likely that under normal conditions, in the 
absence of stimulation, it is held at a fairly constant level and its average value still 
remains unchanged for ordinary stimulation. However, under the influence of sounds 
its instantaneous value changes, or at least its external influence changes, so that in 
the neighborhood of the cells there are electric fluctuations that are a faithful copy of 
the mechanical pressures. These fluctuations are the cochlear potentials. 

Now when the oxygen supply is drastically curtailed the base polarization be- 
comes reduced and in many cells is wiped out altogether. The sensitivity is therefore 
impaired. The cells whose polarization is lost of course no longer make their usual 
contributions to the electrical responses. The cells in which some polarization is still 
present will deliver their usual output as long as the stimulus is weak and the fluctua- 
tions do not exceed the polarization potential, but when the stimulus intensity is 
raised and the fluctuations are greater the output is impaired. Hence the response as 
a whole maintains its linearity only at the lowest response level and quickly grows 
distorted as this level is raised. 
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When the period of anoxemia is ended and normal respiration is restored the 
base polarization returns in some of the cells but remains absent or well below normal 
in many others. Therefore we find only a partial recover}'' of sensitivity. 

We have made a histological stud}”- of the two ears of a cat that was exposed to 
extreme anoxemia over a period of 4 hours, and which during this time underwent a 
particularly severe loss of cochlear potentials. The animal survived until it was 
injected for the histological treatment. Microscopical examination of sections of the 
ear disclosed marked pathological changes in the organ of Corti over the whole length 
of the cochlea. The sensory structure had largely lost its differentiated character and 
was reduced to a misshapen mass in which cell nuclei were present but no cell bounda- 
ries could be made out. The arch of Corti could be seen, though it was greatly modified 
in form. No hair cells could be surely identified, though certain nuclei were present 
that may have belonged to the inner hair cells. On the other hand, the internal 
sulcus cells and the stria vascularis remained in fairly good condition. Reissner’s 
membrane was greatly ballooned out and through most of the cochlea was closely 
adherent to the wall of the scala vestibuli. These changes fully account for the ob- 
served impairment of electrical responses. 

SmriL\RY AND CONCLUSIONS 

Measurements of the electrical potentials of the cochlea carried out in cats have 
revealed deleterious effects upon the ear as a result of ox>’'gen deprivation. The 
deprivation has to be severe and is produced by respirating with air containing less 
than 4 per cent of oxygen — a mixture that gives the same partial pressure of oxygen 
as that of the atmosphere at an altitude exceeding 40,000 ft. above sea level. As is 
well known, this degree of oxj’-gen lack cannot be endured by man without loss of 
consciousness and even of life itself; and it was possible for the cats only because 
they were maintained at minimal activity under anesthesia and curare and were 
artificially respirated. 

As the anoxemia develops over several minutes the cochlear potentials undergo a 
rapid initial loss and then tend to level off. With extreme deprivations, which carry 
the animal close to the point of death, the losses may amount to 40 db and more. 
On a return to normal air breathing the responses recover, but only partially. Re- 
peated exposures to anoxemia give a cumulative deterioration of the responses. The 
effects are found for all tones, without appreciable variation with frequency. 
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SITE OF ACTION IN THE CENTRAL NERVOUS SYSTEM 
OF A BACTERIAL PYROGEN 
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PHILADELPHIA, PENNSYLVANIA 

N umerous investigators have confiroaed and extended the observation 
of Isensdimid and Schnitzler (i) that the hypothalamus is essential for 
regulation of body temperature. Notable work in this field was that of 
Ranson and his co-workers (2) who clearly separated the heat loss center from the 
heat conservation center in the hypothalamus. It followed logically that fever result 
from disturbances of the h3rpothalamic thermoregulatory mechanism. Ranson, Clark 
and Magoun (3) tested this hypothesis experimentally but were imable to draw defi- 
nite conclusions regarding the role of the hypothalamus in pyrogenic fever. The 
hypothesis was further weakened by results of Haertig and Masserman (4) who found 
that cats with massive hypothalamic lesions and impaired thermoregulatory ability 
developed fevers of infectious origin. 

Recently a purified and relatively non-toxic pyrogenic extract of a Pseudomoma 
species that gives dependable febrile responses (5) was made available as a tool to re- 
investigate this problem. Efforts were made first to determine whether the pyrogenic 
response is mediated through the nervous system and, having established this point, 
to locate the level of neural integration of the pyrogenic response within the neuraxis. 

MATERIAL AND METHODS 

Dogs and cats were used. The pyrogenic extract, known as Pyromen (5), was usually employed 
but in several instances other pyrogens were tried. Dosages ranged from 20 to 200 pig/kg. of body 
weight. Intraperitoneal and intravenous routes of administration were employed in the cat; the in- 
travenous route was used in the dog. Control nms were made with intravenous injections of pyrogen- 
free saline solution in many of the experiments. Rectal temperature was recorded continuously with 
a resistance thermometer on the Leeds and Northrop Micromax potentiometer in most animals. In 
other animals periodic rectal temperatures were determined with a clinical thermometer. In some 
experiments cutaneous and rectal temperatures were obtained with iron-constantin thermocouples 
and a potentiometer. Wherever temperature regulation was impaired as a consequence of neurologi- 
cal lesions, environmental temperature and humidity were controlled in a specially constructed room. 
In each experiment an attempt was made to obtain a balanced control period prior to injection of 
the pyrogen. In the absence of febrile responses animals were reinjected one or more times. 

White blood cell counts were made in a few experiments. In several trials sodium salicylate 
and pentobarbital were employed in an attempt to break the fever. Atropine was used to prevent 
the gastrointestinal side reactions in one spinal dog. Vascular changes occurring in the rabbit’s ear 
were studied in cooperation with Dr. R. G. Williams by means of the preformed tissue chamber. 

Neurological lesions were made under aseptic conditions and with ether or pentobarbital anes- 
thesia. Transections of the exposed spinal cord were performed with a sharp scalpel at various levels. 
Decortication was performed with a scoop. Massive bilateral thalamic and caudal hypothalamic 
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lesions were placed in s cats with the Horslej'-CIark stereotaxic instrument.® Dccerebration with no 
attempt at asepsis was performed in 2 cats by the Sherrington scoop method, in 9 cats by the anemic 
method of Pollock and Davis (6) and in 8 cats by the Schmidt method (7). Chronic as well as acute 
preparations were studied, except in the case of the decerebrated animals which were studied during 
the first 48 hours following surgery. All neurological lesions were confirmed at autopsy. Spinal cord 
transections were verified by silver-stained serial sections tlirough the region of tlie lesion. The ex- 
tent of thalamic and hypothalamic lesions was determined on serial sections stained by the Weil 
technique. The level of anemic decerebration was established by gross inspection of the brain for the 
distribution of dye following injection of an aqueous solution of methylene blue under high pressure 
into the aorta. 


RESULTS 

Normal Animals. One hundred thirty trials were carried out on 23 cats. The 
response to administration of pyrogenic substances, while variable and occasionally 
absent, consisted tj-pically of the following sequence of events: drowsiness, rising 
rectal temperature and falling skin temperature of the ears, nose and footpads during 

Fig. I. Continuous records of rectal tem” 
peratures. The solid heavy line represents a 
typical response to an injection of PjTomcn 
in an intact cat; the solid tliin line represents 
the response to an injection of pjTOgen-free 
saline solution in an intact cat; the dotted 
line represents tlie response to an injection of 
Pyromen in a cat 30 days after transection of 
the lower cervical spinal cord; the broken 
line is the febrile curve of a cat on the ninth^ 
day following massive bilateral caudal hjq)o-* 
thalamic destruction. Injection was given at 
zero on the abscissa scale after the animals 
had been stabilized with respect to their rec- 
tal temperature. 



the first IS minutes, piloerection and moderate shivering during the second half hour. 
By the end of the first hour the febrile response averaged 2° F., with drowsiness and 
piloerection continuing but shivering ceasing. The fastigium was attained by 4 hours 
and averaged 3.6° F, at which time piloerection ceased. Defervescence then set in 
with a return of the temperature curve to the baseline by 8 hours (fig. i). Occasionally 
fever occurred in the absence of overt shivering and piloerection. Retching, vomiting, 
defecation and urination occurred in some animals during the second half hour. 
Respiratory changes, chiefly in the direction of a rate increase, frequently occurred 
during the early period. Animals failing to yield a fever were given additional in- 
jections of the pyrogenic substances until the febrile response was obtained. 

The pyrogenic response in the dog was qualitatively and quantitatively similar 
to that of the cat wdth several exceptions. The dog invariably responded to pyrogenic 
drugs with a fever (80 trials in 30 animals). The side reactions of vomiting, defeca- 
tion and urination usually occurred; piloerection was much less pronounced and 
respiratory changes were more constant than in the cat. 

® We are indebted to Prof. H. W. Magoun, of Northwestern University, for preparation of 
these animals. 
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spinal Cord Transection. The spinal cord of one dog was transected at T-5, 
another dog at T-p, and a cat at L-i. These 3 animals yielded typical pyrogenic 
responses a day or two postoperatively when Pyromen was administered. 

Transections of the spinal cord were prepared at C-7 or C-8 in 3 cats, at T-i and 
T-2 in 2 cats and at C-7 in a dog. The cats were studied at various times from 5 to 


had to be kept in a warm roont?^^en tfiough the environi^ei^l'' Conditions were 
maintained constant, each of theseJhnimaJis showed a.-^slp^yi^rp’-clical'^aViation in rectal 
temperature with elevations as\gre^.as V^I^^^^I^are^itly rekt^ /I food intake). 
Twenty-one injections of Pyromen®i^U^t:dnjec^ns_^f_a^ip3;il3^^purified typhoid 
e.^tract^ and one injection of 35 mg.' of pyrexinjifeil^d^to eliSt^a^ingle unequivocal 
febrile response. Cat 21 was tested 4 tiihes 'mth Pyrom6n%hd typhoid extract over 
a 30-day period and dog 5 was tested 8 times with aU three pyrogenic materials over 
a postoperative period of 60 days. In spite of the failure of pyrogens to elicit a febrile 
response in these high spinal animals, the cats occasionally had the usual side re- 
actions. Retching, vomiting, defecation, urination, drowsmess and respiratory changes 
occurred in the dog during each trial in which pyrogens alone were given, but the 
gastrointestinal and urinary vesical changes were blocked by atropine whenever this 
drug was administered prior to the pyrogen. Slight reductions in skin temperature 
occurred in the dog but these appeared to be part of the visceral component of the 
mass reflex; subsequent prevention of skin temperature changes by atropine, which 
also blocked defecation and hence the mass reflex, bore out this impression. At no 
time was shivering seen caudal to the level of the lesion. 

A marked leucopenia affecting all white cell types occurred in the dog with the 
cervical spinal cord sectioned, even though there was no febrile response. Leucopenia 
followed by leucocytosis during both pyrogenic and physical fever has been reported 
by other investigators (8, 9). We have seen these changes in intact animals and in 
man. Studies employing the preformed tissue chamber in the rabbit ear revealed 
intense vascular spasm during the chill phase after systemic administration of Pyro- 
men. It was possible to obser\’-e the absence of adliesion of leucocytes to the cutaneous 
blood vessel walls; therefore such a process is believed not to have been a factor in 
the leucopenia. The findings in the cervical spinal dog appear to dissociate the pe- 
ripheral blood cell changes from the febrile response. 

Decortication and Massive Thalamic Destruction. One decorticate cat had only 
the pyriform area of the cerebrum intact and the basal ganglia were completely 
destroyed. This animal responded to injections of Pyromen with the usual febrile 
response as early as one day postoperatively. Another cat, with massive bilateral 
thalamic lesions, was tested four times from the 4th to the loth postoperatve day 
and exhibited a fever on each occasion. 

Massive Bilateral Caudal Hypothalamic Lesions. Four cats were studied. A 
febrile response was seen as early as one day postoperatively and 2 animals showed re- 


3 Both supplied by Dr. N. M. Nesset of the Baxter Laboratories, Morton Grove, 111. 
^ Kindly provided by Dr. Valy Menkin of Temple University. 
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sponses as late as the 25th postoperative day when the experiments were terminated. 
Sixteen trials were made. There were 13 definite febrile responses and only 3 equivocal 
responses. In no instance was vomiting, urination and defecation seen and in only 
one trial was there a suggestion of shivering and piloerection (fig. i). These animals 
were all relatively poikilothermic. 

Decercbraiion. Nine cats were decerebrated by the Schmidt technique and tested 
with Pyromen immediately after operation. Decerebrate rigidity was marked but 
the animals tended to lose heat rapidly at an environmental temperature of 85° F. 
The dorsal transection level was through the superior colliculus and the ventral level 
varied. In the animals in which the ventral level traversed the rostral part of the 
midbrain (7 in all) no febrile response was elicited with a single injection of Pyromen 
and the rectal temperatures continued to drop. The usual side reactions were present 


Fig. 2. COXTIOTOUS RECORDING of tllC ICC- 
tal temperature of anemically decerebrated 
cat 5 with a spontaneous fever. One hour 
after decerebration the rectal temperature 
was below 100° F. and radiant heat was ap- 
plied (dotted line). Shivering set in (stippled 
bar) and the lamp was removed. \Mien the 
rectal temperature had readied 102.5° F. the 
animal was placed in a refrigerator at 36° F. 
for 40 minutes (broken line). Upon removal 
from the refrigerator (solid line) the animal 
continued to shiver and the rectal tempera- 
ture soared to 106.3° E-> ‘'•t which point re- 
spiratory failure occurred. 


HOUR s 



and severe respiratory embarrassment was encountered in all. This led to premature 
death in some instances as mucus plugged the tracheal canula and/or lung edema 
developed. In one cat with the transection passing just in front of the mammillary 
bodies a marked febrile response occurred; violent shivering persisted until death 80 
minutes after the injection of Pyromen and at tliat time the rectal temperature had 
risen to 107.8° F. In the 9th animal the level of the transection was at the rostral 
border of the pons. This animal developed a spontaneous fever which was unaffected 
by a near surgical dose of pentobarbital. Prior to administering the pentobarbital, 
tonic and clonic convulsions were seen. The footpads were cool from the time of opera- 
tion and throughout the experiment and shivering did not occur. 

Neither of the 2 cats decerebrated by the scoop method and injected with Pyro- 
men responded with a fever. They showed rapid declines in rectal temperature at an 
environmental temperature of 85° F. 

Nine cats were decerebrated by the anemic method and studied immediately 
after surgery. The ventral level of ischemia varied from the rostral border of the 
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medulla oblongata to the rostral one-third of the pons. These preparations showed 
marked decerebrate rigidity and remarkable ability to maintain their rectal tempera- 
ture at environmental temperatures as low as 76° F, Two developed spontaneous 
fevers (fig.) 2. Four responded with fevers upon injection of Pyromen (figs. 3 and 4). 
Three gave only questionable pyrogenic responses. The 2 animals developing spon- 
taneous fevers began to shiver and displayed peripheral vasoconstriction soon after 
surgery. Both had hj^perpyrexia at the time of death and autopsy revealed con- 
siderable hemorrhage into the brain stem in the region of the ligature on the basilar 
arter}^ The unequivocal pyrogenic responses were characterized by the usual latency 
and drop in skin temperature but the animals showed more marked shivering and 
more constant and violent side reactions than were seen in intact animals. These 
experiments, because of premature respiratory failure, were of too short duration to 


Fig. 3. CoOTiNUOUs RECORDING of the rec- § 
tal temperature of anemically decerebrated 5 
caf 2. "nie recording began 20 minutes after 5 
termination of surgery. The Pyromen solu- ^ 
tion was injected at P. The stippled bar indi- S 
cates the presence of shivering. if! 


permit evaluation of the defervescence stage of the pyrogenic response. Decerebrate 
ca/ 24 showed stepwise increases in rectal temperature following each successive in- 
jection of Pyromen (fig. 4). In decerebrate cat 2, two intravenous injections of 0.5 
gm. each of sodium salicylate failed to reduce the rectal temperature. 

DISCUSSION" 

The fever that occurs in a pyrogenic response is the result of increased heat 
production and reduced heat loss. The former appears to be due chiefly to an increase 
in skeletal muscle metabolism. In many of our experiments this was apparent in 
overt shivering. In other experiments overt shivering was not obser\’-ed but an im- 
perceptible increase in muscle tone, as shown by Burton and Bronk (10), may have 
been present and could have increased heat production. It is probable that some 
epinephrine is secreted during the chill phase of the fever and its calorigenic effect 
may have contributed to increased heat production. An additional source of body 
heat is provided by the increased metabolism that results from an increase in body 
temperature. 


FEBRILE RESPONSE TO PYROGEN 
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Reduced heat loss is brought about chief!}'' by cutaneous vasoconstriction and 
piloerection, the latter occurring particularly in the cat. Cutaneous vasoconstriction 
produces a reduction in skin temperature (ii'-t 4) that results in an appreciable layer 
of surface insulation, augmented further by the dead air spaces formed among the 
erected hairs. 

The effectors involved in increased heat production obtain their innervation 
from the ventral horn neurons of the spinal cord and the cranial motor neurons to 
striated muscle. The latter, however, comprise but a small proportion of the total 
motor units. The smooth muscle of blood vessels and hair follicles receive their nerve 
supply from postganglionic neurons present in the sympathetic chain ganglia and 
indirectly from the intermediolateral cell column in the thoracic and upper lumbar 
spinal cord. This latter region also supplies some nerve fibers directly to the adrenal 
medulla. The main sensory inflow as well as the main motor outflow involved in fever 



HOURS 


Fig. 4 . Coxxnojous eecordkg 
of the rectal temperature of anemi- 
cally decerebrated cat 24. Injec- 
tions of PjTomen were given 
repeatedly at P. Shivering is indi- 
cated by the stippled bar. 


is intact in an animal whose spinal cord is functionally separated from the brain stem 
at the lower cervical level. In view of consistent failure to obtain febrile responses from 
such preparations, even as late as two months postoperatively (a period far in excess 
of that necessary to insure recovery from spinal shock), it is concluded that the py- 
rogen acted neither on the spinal mechanism directly nor peripherally. This is further 
borne out by the absence of shivering caudal to the level of the lesion, the failure of 
the pyrogen to provoke piloerection and, finally, its failure to produce a decline in 
skin temperature when the mass reflex was abolished by atropine. The results ob- 
tained in animals with the spinal cord transected at midthoracic and lower levels, 
which gave febrile responses as early as two hours postoperatively, indicate tliat only 
part of the thoracic cord need be in functional continuity with higher nerve centers 
to produce fever. They strengthen the view that operative trauma and spinal shock 
did not seriously interfere with pyrogenic responses. 

The remaining possibility, then, is that the pyrogen stimulated one or more co- 
ordinating centers in the brain and that these centers were required to be in functional 
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connection with the spinal and peripheral mechanisms. Decortication, massive tha- 
lamic and h3^othalamic destruction and decerebration did not abolish the pyrogenic 
response. Since the lowest level of decerebration was at the rostral border of the 
medulla oblongata, at least the essential coordinating mechanism in the production 
of fever exists in the medulla oblongata and/or cervical spinal cord. Although the 
possibility of a center in the cervical spinal cord was not eliminated experimentally, 
one would suspect that the medulla oblongata contains the responsible integrating 
mechanism. 

In so far as could be determined, destruction of most of the cerebral cortex, 
basal ganglia and thalamus did not alter any aspect of the pyrogenic response. The 
animals with massive hypothalamic damage and seriously impaired thermoregulatory 
ability, however, differed from intact animals; they did not shiver, piloerect, vomit 
or defecate (except in one experiment during which equivocal shivering and pilo- 
erection were noted). In the one Schmidt decerebrate preparation in which the caudal 
hypothalamus was intact a typical and exaggerated pyrogenic response took place. 

The Schmidt and scoop decerebrate preparations with all or most of the mid- 
brain intact never showed fever, shivering, piloerection or cooling of the skin although 
they did have the side reactions. In the large majority of animals witli the level of 
decerebration at pontile or medullary levels p3ntogenic or spontaneous fevers occurred. 
Shivering and cutaneous vasoconstriction were exaggerated and markedly protracted 
and the side reactions were consistently present and were severe. However pilo- 
erection appeared somewhat dimim'shed. Another important difference was noted, 
namely, that at no time was a definite defervescence stage seen; the records often 
suggested that, had these animals lived long enough, extreme degrees of fever might 
weU have occurred. 

The pontile and medullary animals were prepared by the anemic method but 
the neurological signs and results of intra-aortic injection of dye under high pressure 
justify the assumption that the level of transection was as precise and as complete as 
if it had been made with a knife. The results of experiments in the one Schmidt prep- 
aration with complete anatomical transection extending from rostral border of the 
pons to the superior colliculus and with no midbraiu tegmentum present, further 
support the conclusion that the pontile animal is able to have a coordinated febrile 
response. Furthermore, although the pontile animals were not specifically tested for 
their ability to thermoregulate, it was evident that they could maintain their rectal 
temperature in a cool environment more effectively than midbrain animals. These 
results suggest that there exists in the tegmentum of the midbrain a center that tends 
to inhibit shivering, vasoconstriction and the febrile response itself in the absence of 
the caudal h3q>othalamus. 

In the experiments of Haertig and Masserman (4) infectious fevers occurred 
in cats that had massive hypothalamic lesions and were relatively poikilothermic. The 
lesions did not involve the caudal hypothalamus. Ranson, Clark and Magoun (3) 
prepared 21 cats with h5q)othalamic lesions and tested them with typhoid-paratyphoid 
vaccine. One of 6 cats with lesions in the caudolateral part of the hypothalamus 
responded with a good fever, and 6 showed marked faUs in rectal temperature. 
Fifteen cats had more rostral hypothalamic lesions. Ten of these failed to show any 



2 i6 


CHAMBERS, KOENIG, KOENIG AND WINDLE 


Volume isg 


fever and the remaining 5 responded with only a very slight fever. Furthermore, 
their data demonstrated that there was a component in the vaccine which produced 
hypothermia. The pyrogenic material used in our experiments contains no factors that 
could be demonstrated to produce hj^jothermia. 

SUMMARY 

The response to injection of a purified pyrogenic extract of a Pseudomonas species 
was studied in cats and dogs, both intact and with central nervous system lesions. 

Transection of the lower cer\dcal and upper thoracic spinal cord in acute and 
chronic animals prevented the febrile response but not the side reactions. Cutaneous 
vasoconstriction and piloerection as well as shivering below the lesion did not occur. 
Transection of the spinal cord at or below T-5 did not prevent the development of 
fever. It was concluded that the febrile response to the pyrogen was mediated through 
the central ner^mus S3'’Stem and that the spinal cord needed to be in functional com- 
munication with one or more centers in the brain. 

Decortication, thalamic and caudal hypothalamic lesions did not prevent the 
febrile response. Decerebrate preparations in which most of the midbrain remained 
intact failed to show a febrile response. However animals decerebrated at a pontile 
or medullary level had pyrogenic and spontaneous fevers. It appears that an integra- 
ting mechanism exists in the medulla oblongata and/or upper spinal cord which, when 
connected with the spinal cord, below the cervdcal region, was fully capable of evoking 
a febrile response to a pyrogen and in some instances of initiating ‘spontaneous’ 
fever. 
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RELATION BETWEEN SPIKE HEIGHT AND POLARIZING 
CURRENT IN SINGLE MEDULLATED NERVE 

FIBERS^ 

GORDON M. SCHOEPFLE and JOSEPH ERLANGER 
From the Department of Physiology^ Washington University School of Medicine 

ST. LOUIS, MISSOURI 

T he effect of polarLation on the height of the action potential (the magnitude 
of the ‘alteration’) in multifibered preparations has been the subject of 
many investigations, some dating back to the middle of the last century.^ 
One of the most recent of these is included in Lorente’s A Skidy of Nerve Physiology 
(2). ]ji that monograph occur these statements: i) “In the analysis of the problem” 
of electrotonic potentials “fiber diameter will eventually have to be taken into con- 
sideration;” and 2) “In the analysis of the problem that is possible at present the use 
of the single fiber approximation is justifiable.” Some qualitative observations on the 
effect of polarization on the action potential of single meduUated fibers were made in 
this laboratory in 1934 (3). The present investigation, an attempt to ascertain quanti- 
tatively the effect of polarization on the height of the spike of smgle fibers, was begun 
in 1943 and, after interruption by the war, was resumed in June 1947. A preliminary 
report of a part of the work was made in 1948 (4). 

. METHODS 

The single fiber preparation has been mainly the sciatic nerv e of the green frog 
together with the branch extending to the tip of the 3rd digit (the phalangeal or toe 
nerve preparation) (5). In about one out of three of these preparations there is a 
fiber of such outstanding excitability that it alone responds at the lead from the toe 
nerve to stimulation of the parent trunk with shocks that attain the threshold of that 
fiber. Twice only have we succeeded in obtaining comparable and adequate prepara- 
tions by splitting the unbranched part of the sciatic nerve. The action potentials were 
recorded with the cathode ray oscillograph after passage through a resistance-capacity 
coupled amplifier. The networks used are shown in figure i. Network A was the 
most usual one. Circuit C has certain disadvantages from the standpoint of the 
present investigation: when the anode lies between the stimulated locus and the lead 
it often blocks the fiber whose spike is being recorded, before the full range of the 
cathode effect has been achieved. This difficulty is minimized, however, by the fact 
that during cathode polarization the anode is on a thicker part of the nerve. An 
additional disadvantage is that it supplies conditions favorable to restimulation of 
the fiber beyond a block at the anode (6). The electrodes were of the calomel half-cell 

Received for publication July 24, 1949. 
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* A review of the early literature will be found in Schmitz and Schaefer (i). 


217 



2i8 


GORDON M. SCHOEPFLE AND JOSEPH ERLANGER 


VoUme X5P 


type. The strength of the applied current is expressed in arbitrary potentiometric 
units and in many of the observations on single fibers the limiting strengths em- 
ployed were those producing anode or cathode block or deformation of the spike. 
The linearity of the potential divider was tested by passing current through it in 
series witli a dead sciatic nerve. The amplifier was checked for linearity of output. 

The usual procedure has consisted of mounting the ner\'’e vertically in the moist 
chamber (fig. i) immediately after the dissection. If it seemed to contain a fiber of 
outstanding excitability it was then dripped slowly with Ringer’s solution for some 
time while observing the spike elicited by threshold stimuli delivered at the rate of 
about one per second. Having thus obtained reasonable assurance that but a single 
fiber was responding, observations were begun. Often, however, the nerves were left 
in Ringer’s solution for an hour or longer, some at room temperature, others at about 
5° C., before beginning observations. Then, with the potential divider set commonly, 
though by no means always, at 40 on the linear scale of 100, the current source was 
adjusted to a strength that just sufficed to produce anode block. With this setting it 


Fig. I. Networks. The resistance, Rj, was 
10 megohms witlr single fiber preparations and 
2 megohms with sciatic ncr\-es. 


usually was possible to obtain current enough to attain cathode block within the 
range of the potential divider. 

Since these tenuous preparations tend to dry it was necessary to carry through 
each set of observations as quickly as possible. For this reason the successive incre- 
ments or decrements of current strength were made in steps of loth of the range sub- 
tended by the potential divider. At each strength of applied current, both anodal 
and cathodal, the polarizing circuit was closed, and, after the attainment of ampli- 
fier equilibrium (a matter of a few seconds) two or three records were made of tlie 
conducted spike. Additional normal spikes were recorded at frequent intervals. A 
complete set of observations required about a half hour in the making. Often the set 
of observations was repeated after rewetting the ner\'^e and chamber. With the high 
amplifications needed the noise level sometimes amounted to as much as 25 per cent 
of the height of the lowest spikes of a series — those recorded under strong cathode 
polarization. To minimize error due to this and to other sources it would have been 
desirable to have had several readings, not only two or three, at each polarizing cur- 
rent strength, but, as mentioned above, expedition was necessary. 

In the great majority of cases the duration of the flow of the polarizing current 
beyond the time required for the establishment of amplifier equilibrium, a matter of 
about 3 seconds, was without effect on spike height. When, as occasionally has 
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happened, the height of the normal spikes, due presumably to drying, has increased 
progressively as the experiment has proceeded, the normal heights were plotted 
against the approximate times they were recorded and the normal height for each 
of tlie intermediate observations was obtained by interpolation. Observations were 
confined to the effects produced at the polarized locus. This was necessary because 
the toe nerve does not have an unbranched stretch that is adequate for comparative 
observations at different distances from the lead, but, more important, because of 
the risk of bringing spikes of other fibers into the picture. Sample records are shown 
in figure 2. 

EXPERIMENTAL 

Smgfe Fiber Ohsercations. Within ranges to be mentioned, the data on the rela- 
tion between spike height and current strength with but few exceptions describe two 







"AAAA 


Fig. 2. A FEW OF THE SINGLE FIBER RESPONSES from two typical experiments. The numerals 
give the voltages in arbitrary potcntiometric units. Top row: from experiment 6/17/48, monophasic 
recording. 2]id and 3rd rows; from experiment 7/8/47, diphasic recording. 0, normal; anodally 
polarized just short of block; -j-d, blocked anodally. ~6, —9, —10, -*-14: increasing cathode polar- 
ization; — 10, after block at notch near top of — p. Time, 1000 d.v./sec. Size as originally photo- 
graphed. 


straight lines meeting at zero at an angle that opens upwards (fig. 2, B,C,D and £); 
but in 3 of the 38 observations the graphs, again within the ranges to be mentioned, 
consisted of a continuous, inclined straight line passing through zero (fig. 3 A), If, 
within this range, there is any significant and regular departure from linearity on 
either side of zero it consists of a slight upward concavity on the anode side of the 
graphs. The eventual departure from linearity with further increase in current 
strength occurs, wdth but few exceptions, when the spike gives evidence of developing 
block. With anode polarization this almost invariably consists of the appearance of a 
notch somewhere on the up-stroke of the spike, as seen in figure 2, 2nd row, -j-y. 
At this time the rate of increase in height usually slows somewhat, but it may in- 
crease. More often, however, the linear increase continues quite to the point of block, 
when there occurs an abrupt and large fall in height (as from +5 to +( 5 , fig. 2). No 



220 


GORDON M. SCHOEPFLE AND JOSEPH ERLANGER 


Volume I5P 


attempt has been made to ascertain the exact configuration of the cur\"e immedi- 
ately preceding this event. The height attained by the spike at the time of defi- 
nite deviation from linearity during anode polarization has, in this series, ranged 
between ii8 and 182 per cent of the normal, with a mean of 151, an average devia- 
tion of 13.6 and an average deviation of the mean of 2.35. In the few cases in which 
the departure from linearity consisted of an upward bend of the cuia^e the ultimate 
heights attained were greater even than the maximum just mentioned. 

With catliode polarization the eventual departure from the linear decrease in 
spike height likewise may consist either of an upward (fig. 3 Z?) or a downward bend 
(fig. 3 C) of the curve. One of the factors that seems to determine the direction 





Fig. 3. Graphs op sikgle pibee responses. Ordinates: spike height in percentage of normal. 
Alscissae: applied voltage in arbitrarj' potentiometric units. A, 6/12/48, normal. One of the 
three instances in which there was no rectification (tangent ratio of slopes =1). Spike was notched 
at -{-3, block at +3.5; yet not blocked at —4.5. B, 6/17/48, normal. Spike w.a5 notched at +4, 
and at — 4-Sj not carried to block. Tangent ratio = 1.88. C, 5/ 22/48. Dots: nerve in air; tangent 
ratio = 1.47. Circles: 1095% Oj and 5% COs; tangent ratio = 1.28. Notched at +5, block at -{-6; 
notched at —6, block (probably) at —8. D, 6/10/4S. After 19 hours at 4® C. Spike notched at 
-{-6, block at -{-’7; spike deformed at —6, but not yet blocked at —9. Tangent ratio: = 1.44. E, 
6/ 11/48. After 43 hr. at 5° C. Spike notched at +3.5, block at +4; not yet notched at —4.5. Consider- 
able irregularity, but still an angle at zero. Tangent ratio = 1.59. 


of the bend is the position on the spike at which the notch develops that presages 
the development of cathode block. If, as in ~p, figure 2, the peak in front of the notcli 
at which block will eventually occur is higher than the peak behind it, the curve of 
spike height is apt to bend upwards since the part of the fiber then determining the 
height of the spike is not so directly under the influence of the polarizing current; 
and if at the time of block the second peak is determining the spike height there will, 
of course, be a downward bend of the curve with the onset of block. 

On the basis of some excitability determinations we have made it may be con- 
cluded that anode block occurs when the current attains the strength of i to 2 rheo- 
bases of the fiber in question, and cathode block at something less than 2 to 4 rheo- 
bases. Data supplied by 10 of the e.xperiments show that the current strength required 
to produce cathode block averages 180 per cent of that producing anode block. 
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The current flow at the time of block is irrelevant, since it will vary with the size of 
the responding fiber relative to the cross-area of the nonresponding parts of the inter- 
electrode stretch. However, it has been of the order of tenths of microamperes. 

In order to provide a means of comparing the results of the experiments in which 
the relevant data yield two straight lines meeting at zero strength, the ratios have 
been determined of the tangent of the angle formed with the horizontal by the linear 
portion of the curve expressing the results of anode polarization (in the 2nd quadrant) 
and of tlie angle (in the 4th quadrant) formed by the linear portion of the curve ex- 
pressing the results of cathode polarization, each in relation to spike height. The 
data thus treated become independent of units of measurement. A ratio of one sig- 
nifies that the current-strength spike-height curve is a continuous straight line 
passing through zero; values greater than one signify that the angle formed at zero 
opens upwards; while values less than zero would have signified that the angle opens 
downwards, but of the latter there have been no instances. 

Thirty-four of the 38 observations on single fibers supply data relevant to this 
analysis. The tangent ratios derived from one and the same preparation under con- 
stant conditions are reasonably constant, but those from different preparations have 
ranged between i and 3.64. We have been unable to ascertain definitely the factors 
that determine these differences. In general, however, the lower ratios are found in 
experiments in which the recording was 'monophasic.’ Thus in the 13 of such cases, 
the tangent ratios ranged from i (and included all three of the valid cases with this 
ratio) up to 2.41; but this, the highest, value was obtained from a preparation, whicli, 
though crushed at the distal lead, still yielded a diphasic record; and the next highest 
of these ratios, namely, 2.36, was obtained from a preparation that was monophasic, 
but not designedly so. The average of all of the ratios derived through monophasic 
recording was 1.53. 

There are 28 instances in which the recording was diphasic, and in most of these 
the interlead distances were adequate for the complete recording of the up-stroke of 
the spike, as shown by calculation based on the duration of the up-stroke and the 
conduction velocity. In these the ratios ranged from 1.17 up to 3.64, and the average 
was 2.24. 

Attempts were made to ascertain whether prQlonged storage of the toe nerves 
in Ringer's solution at 5° C. affects their reaction to polarization. However, in only 
four of many trials did the preparation survive this treatment. In three of these 
cases, two after refrigeration for 19 hours (fig. 3 D), the other for 43 hours (fig. 3 
£), the graphs were in every respect, quantitatively as well as qualitatively, like 
those derived from the fresh toe nerve preparations (fig. ^ B, C). The tangent ratios 
were 1.44, 1.59 and 1.81. The fourth preparation, refrigerated for 4 days, gave an 
anomalous result: each of three complete runs yielded curves that are best described 
as continuously concave upwards; the spikes attained a height of 160 per cent of the 
normal on the anode side before block and 73 per cent on the cathode side when the 
current had not yet attained blocking strength. There was no angle at zero. . 

Effect of CO2. In three of the experiments observations were made first with the 
nerve in air and then, after the attainment of equilibrium, in an atmosphere consisting 
of 95 per cent O2 and . 5 per cent CO2. In two of the instances the recording was di- 
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phasic; in the other, monophasic. In one of these experiments the spike was deformed, 
making accurate analysis impossible, but there was no reason for believing that the 
result in this case differed in any essential manner from the consistent results of the 
other two experiments. The tangent ratios in the two completely satisfactory obser- 
vations were, respectively, 2.19 in air, 1.95 in CO2 and 1.17 in air, 1.28 in CO2 (fig. 
3 C). In both cases the ratios are slightly smaller in the CO2 treated nerves, but the 
differences are small and can hardly be regarded as significant. 

That the CO2 was exerting its characteristic effects is indioited by two, possibly 
three, of the reactions, i) In all three of the cases the shock artifacts were larger 
during the exposure to CO2, and in two of the cases it was noted that the stimulating 
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Fig. 4. Graphs of sciatic nerve experiments. Ordpiaics: spike height in percentage of 
normal. Abscissae: applied voltage in arbitrary potentiometric units. A, 5/11/49, A.M. Fresh 
bullfrog sciatic. Probably departing from linearity after height 118% and after height 62%. Tangent 
ratio of slopes = 2.14. B, 5/11/49, p.m. Bullfrog sciatic, mate of A, after storage hours in 
Ringer’s solution at room temperature. Probablj' departing from linearity after height of 120% and 
after 78%. Tangent ratio = 2.2. C, Fresh bullfrog sciatic. Probably departing from 

linearity after height 125% and at height 69%. Dots: after crushing under distal polarizing electrode. 
Circles: before crushing. The absolute voltage steps are considerably smaller in C, D and E than in 
A and B. Tangent ratio = 1.73. D, 7/ 10/48. Bullfrog sciatic after 2 days in Ringer’s solution at 
5° C._ Inverted S in shape; no angle at 0. E, 7/15/48. Bullfrog sciatic after 8 days in Ringer’s 
solution at 5° C. Inverted S in shape; no angle at O. 

current had to be increased, both observations indicating that the CO2 had raised 
the fiber’s threshold (7). 2) In all three of the experiments the CO2 increased the 
susceptibility of the fiber to anode polarization as indicated by the strength of current 
required to block the impulses (2). However, the ratio of anode current to cathode 
current at blocking strengths in the CO2 treated nerves was, as in normal nerve, 
approximately as i is to 2 (3). In all three of the experiments the curves derived from 
the CO2 treated preparation show a slight clockwise rotation around zero (fig. 3 C). 
Possibly this is indicative of a change in the resistance of the nerve with a correspond- 
ing change in flow of polarizing current through it. 

Alteration of other conditions, such as temperature or doubling the concentra- 
tion of KCl in the Ringer’s solution bathing the nerve (one experiment each), did 
not alter appreciably the form of the graphs or the tangent ratios. 
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Observations on Sciatic Nerve. For purposes of comparison, similar data have 
been obtained from the unbranched stretch of the sciatic nerve of the frog. The 
stimuli were 10 times half maximal for alpha. Since the primar}'- aim was to ascertain 
whether graphs based on data derived from multifibered preparations also are linear 
on either side of o, and, if so, through what range, the current strength, as a rule, 
was carried through a rather narrow range, — only twice to the point where there was 
an actual decrease in the height of the spike with anode polarization (fig. 4. A, B). 

Relatively freshly prepared nerves were used in 10 of these experiments, 9 from 
the bullfrog and i from the green frog. Observations were begun usually within an 
hour after the dissection. In seven of the experiments the recording was diphasic, 
and the interlead distances (21 to 35 mm. in the bullfrog) were ample for the recording 
of the complete up-stroke of the spike. In the three experiments with monophasic 
recording the interlead distances were 10 mm. in two of the cases and 12 nun. in the 
other. 

In the graphs of the data derived from the 7 preparations with diphasic recording 
and from the monophasic preparation with the 12 mm. spacing of the leads, the 
middle sections again consist of two straight lines emanating from zero at an angle 
(fig. 4 A, B, C). The tangent ratios of the slopes were 1.54, 1.70, 1.73, 1.76, 1.85, 
2.14, 2.22 and 1.82 (the last from the green frog); there still is some variation in the 
width of the angle from preparation to preparation but the range is narrow in com- 
parison with that obtaining in the case of the observations on smgle fibers. The two 
nerves yielding the tangent ratios of 2.14 and 2.22 were from the same bullfrog; the 
first (fig. 4 A) was used shortly after preparation, the second (fig. 4 B) after storage 
for 6| hoTirs in Ringer’s solution at room temperature. Excepting a slight counter- 
clockwise rotation of the graph derived from the stored nerve, which could be due 
to a difference in the potential subtended by the potential divider, the two graphs and 
the two tangent ratios are essentially alike. 

In those instances in which the strength of the polarizing current was carried 
to the point where there was a change in the rate of change in height, the initial 
departure from the linear, as with single fibers, consisted sometimes of a slight upward 
bend of the curve, sometimes of a downward bend. With diphasic recording and anode 
polarization this bending of the curve occurred at approximate spike heights of 112, 
114, 118, 120, 127 and 133 per cent of the normal. These values, obtaining at the time 
of changing inclination of curves, are roughly of the same order of magnitude as the 
lowest values found in the comparable observations on the responses of single fibers. 
In the two instances in which anode polarization was carried far enough to cause a 
marked decrease in spike height (fig. 4 A, B) this decrease began when the heights 
attained were 140 and 147 per cent of the normal. With cathode polarization the 
bending of the curve developed when the heights attained were approximately 62, 
69, 74, 78, 82 and 84 per cent of the normal. 

The curves derived through monophasic recording were not consistently alike. 
When the interlead distance was 12 mm. the curve mounted straight to a height of 
148 per cent, and under cathode polarization it departed from linearity at a height of 
64. However, the curves derived from the two experiments with the interlead distance 
of 10 mm. differ completely from the form that is usual, one of the graphs consisting 
of two inclined parallel, nearly straight, lines, the continuation of the anode’ line lying 
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slightly above the continuation of the 'cathode' line, the other consisting of a cur\^e 
slightly and continuously concave upwards. 

Similar observations have been made on bullfrog sciatic nerves after storage in 
Ringer’s solution at about 5° C. for periods ranging from i to 8 days. (A 12-day nerve 
was inexcitable, and, as mentioned above, a 6^-hour nerve behaved quite like its 
fresh mate.) In 8 of the 9 experiments the recording was diphasic with interlead 
distances ranging between 24 and 34 mm. Within the relatively narrow range of 
current strengths used in this series of experiments, the graphs derived through 
diphasic recording have, or approximate, the form of the middle section of an asym- 
metrical, reversed S: the curves (fig. 4 Z>, E) pass through zero witli a gradually 
changing slope, the ordinates on the anode side usually increasing somewhat faster 
with increasing current strength than on the catliode side. The change in slope on 
either side of zero is so gradual that the middle sections of tlie curves can be regarded 
as essentially straight. In the one case with monophasic recording (a 3-day ner\'e 
with interlead distance of 8 mm.) the graph consisted of an inclined straight line pass- 
ing through zero and bending upwards at both ends. Conduction velocities were of 
the same order of magnitude in the stored as in the fresh nerves. 


DISCUSSION 

The first of our observations that requires consideration is the finding that the 
height of the conducted spike of a single fiber as recorded at the polarized locus, within 
certain limits, varies linearly with tlie strengtli of the polarizing current on either 
side of zero. In this connection it is necessary to recall how a resistance-capacity 
coupled amplifier performs under our experimental conditions. It records the spike 
but not the electrotonic potential that is established some 3 or more seconds earlier, 
since, in the interval, the condensers have filled and the base line consequently has 
returned to zero, where it is when the spike records. At the same time, however, 
the membrane potential, with certain qualifications (2), has been changed by the 
algebraic addition to it of the electro tonic potential; and when the membrane 
breaks doum the height of the spike that results is the sum of the electrotonic po- 
tential and the potential of alteration or action, as illustrated in figure 5. 

Since, in our experience, the relation between tlie height of the spike of a single 
fiber and the applied current, both positive and negative, is within certain limits 
linear and since, in our experience, the same relation usually obtains also in the case 
of the fresh sciatic nerve of the frog, though usualty through narrower limits, it is 
logical to conclude that in these preparations all of the processes that are altered by 
the applied currents are altered linearly within those limits. This conclusion is in- 
consistent with the relevant results Lorente (2) has obtained in his polarization ex- 
periments on the sciatic nerve of the frog as seen in the two of his graphs (vol. II, 
figs. I and 2, pp. 36 and 37) illustrating the relation between the electrotonic potential 
(not spike height) and the strength of an applied current. Of these his figure i shows 
this relation as determined at the polarized locus with the multifibered preparation 
in air, and his figure 2 the result as obtained at a distance of 3.5 mm. from the polariz- 
ing electrode with the nerve in an atmosphere consisting of 95 per cent O2 and 5 per 
cent CO2. "When these two curves of Lorente are plotted as we have plotted our data. 
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namely, the results of anode polarization in quadrant 2 and those of cathode polariza- 
tion in quadrant 4, it.becomes evident -that tlie-.resulting curves have the form of a 
reversed S, are without an angle at zero,- and consequently closely resemble in form 
the middle sections of the curves of spike height against polarizing current that we 
have obtained only, and practicdly^ ^vithout exception, from the buUfrog’s sciatic 
nerve after storage m Ringer’s solution at 5° crfor 24 hours or longer. The latter 
result, it might be added,:serves.as a check on! dur'methods, since it shows that they 
are capable of exposingramon-lmearreartipn-td polarization when it exists. 

Lorente’s graphs in^ica^e-tTiat'ihe -deviation from linearity of the relation be- 
tween strength of polarizing current and electro tonic potential is particularly marked 
in nerves exposed to an atmosphere containing CO2. It was for this reason that we 
performed, with the single fiber preparation, the comparable experiment — the de- 
termination of the effect of CO2 on the spike-height current-strength relationship. 
The addition of the COo did not demonstrably alter the linear relationship from 


Fig. 5 . Diagram illustrating modification 
of height of a spike as recorded by a condenser 
coupled amplifier when equilibrium has been 
established after the addition of a constant 
source of potential. 5; recorded spike height. ■ • 
A: potential of alteration or action. E: electro- 
tonic potential. Spike height during anode 
polari 2 ation == .i4-i-(+£) and during cathode x 
polarization = A-}-(— E). 1 


that found with the nerves in air. This observation should not be taken to signify 
that CO2 never alters this relationship, since it is possible that with us the nerves 
prior to their exposure to CO2 may have been m a state similar to that produced by 
CO2. That, however, the treatment with CO2 did change the state of the fibers charac- 
teristically is proved by an associated decrease in their excitability, by an increase 
in their relative susceptibility to anode polarization and by a clockwise rotation of 
the graphs around zero. 

As has been said, with single- fiber preparations this linear relation on either 
side of zero holds up to current strength that block the nerve impulse, or that begin 
to produce the deformations of the axon spike that presage block. Recently Rosen- 
blueth et al. (8) have questioned the evidence upon which the conclusion was reached 
in this laboratory (3, 6) that the one or two successive ‘quantal’ changes in the spike 
of a single fiber that occur as the strength of a polarizing current is increased are due 
to block. They say that when, in their experience, they were certain that only one fiber 
was responding, in no case did they see sudden decreases in the spike, even when they 
polarized anodally or cathodally until total extinction of the response took place. 
Ignoring the conclusive portion of our published evidence proving that the ‘quantal’ 
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changes we have described are due to block in a single fiber, they assdrt that the 
pictures we have published as evidence of that are the result, not of block in one 
fiber, but of the play of the responses of two fibers. 

As proof of this assertion they present two records (tlieir fig. i C, D), both from 
the same root preparation, whicli they say “are quite similar to” the pictures which 
we have accepted as evidence of block in a fiber. We can agree with them that C and 
D are made up of the responses of two fibers; no one could possibly have regarded 
them as responses of but a single fiber. That C is made up of two fiber spikes is proved, 
as they point out, by the presence of tell-tale latency’' shifts of only the upper part of 
the record, indicating that the stimulus is just threshold for the fiber making that 
contribution to the picture, but well above the threshold of the fiber making the 
lower contribution. That C and D each is composed of the spikes of two fibers is 
indicated also by the position of the notch on the up-stroke — it is too far in front of 
the crest of the lower spike. In polarization block of a single fiber the part of the 
picture about to disappear rises, typically, out of the crest of what remains at block. 
Even in experiments in which the conduction distance is as long as 130 mm., as was 
the case, approximately, in all of our earlier experiments, the divergence from tliis 
relation was rarely greater than 0.2 msec. (3). The conduction distance in the case of 
their figures C and D could not, with their preparations, have been greater than 35 
mm.; yet the upper spike of their figure rises out of the lower 0.25 msec, ahead of the 
crest. 

In our experience, the really difficult double-fiber response to identify as such 
is when there are two fibers with identical excitabilities and conduction velocities. 
But even under such circumstances, it must be rare, indeed, that during the course 
of a prolonged experiment, involving the appearance on the screen of many hundred 
threshold responses, something does not transpire to disclose the compound nature 
of the response. Their “good test for the all-or-nothing cliaracter of the response” 
differs from the one we have used through the years and in the present research, 
only in respect to the frequency of stimulation; their threshold stimuli are at the rate 
of 50/sec., ours about once per sec., but through long periods of time. 

Additional evidence (aU of which is on record) on which we base the conclusion 
that the ‘quanta!’ changes in the spike are the result of successive blocks along the 
course of a single fiber is, to consider now for the sake of brevity only tlie effects of 
anode polarization, as follows: 

1) It is not unusual for the ‘quantal’ changes, when there are two of them, to 
reduce the height of the spike to ? or even to i its initial value (3), and fhis residue, 
moreover, is anodally polarized. If such ‘quantal’ decreases were the e.xpression of the 
elimination in succession of the spikes of different fibers, then, since there is in 
general a direct relation between spike height and conduction velocity (5), the con- 
duction time should increase markedly with each defection, but if it changes at all the 
change is in the direction of a slight decrease. 

2) Needless to say, if the two or three sudden changes in the spike that occur 
as polarization is increased were pictures derived from as many fibers, the fibers 
would have very different diameters and consequently correspondingly different 
thresholds, but the threshold remains the same throughout such an experiment. 
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■ 5) The information supplied by records obtained with diphasic recording is 
■unmistakable, yet Rosenblueth et al. fail to mention this phase of our published 
evidence. When a single fiber is responding the invariable result, provided the increase 
in current strength is carried far enough, is that with the first ‘quantal’ change the 
record becomes completely monophasic~the impulse is completely blocked (cf. 
‘S2’ spikes of fig. I, 6). If, with further increase in current strength a second and a 
third abrupt decrease in height occurs, the quantitative relationships are the same 
as with monophasic recording, and what we have said in that connection applies 
here. Now if, say, two sudden ‘quanta? decreases in spike height were the expression 
of the participation of 3 fibers in the initial pictures, one would expect the largest fiber 
to have not only the fastest conduction velocity but also the greatest susceptibility 
to polarization (9). On this basis it should be the first to block as the current strength 
is increased, and at that stage the spikes of the still unblocked smaller fibers should 
remain diphasic and become monophasic only after further increases in the strength 
of the polarizing current; but, as a matter of fact, the change to monophasicity in- 
variably is all or none when the response is that of a single fiber. There are, however, 
conditions under which a blocked impulse can re-initiate the impulse beyond the 
block (6); those conditions are of no present concern. 

Rosenblueth ei al, (8) say that as a means of securing the responses of a single 
fiber their spinal root preparation is a ‘compromise’ between giant fibers and our toe 
nerve preparations. This, they imply, is because their preparations are less than 70 
fi in diameter and were found to contain ‘several’ functional nerve fibers. The toe 
nerve preparation at the point led from has a diameter of 20 to 50 /u and by actual 
count contains 20 to 100 fibers ranging down from a diameter of 12 (5). A root 

preparation 70 m in diameter could contain more than 27 fibers measuring 10 in 
diameter. Under the circumstances, can it be assumed that the word ‘several’ implies 
that only a few of the constituent fibers of root preparations conducted from end to 
end? If so there can be but little difference between their root preparation and our 
toe nerve and split sciatic preparations with respect to a) the number of contained 
fibers or b) the possibility of local variations in diameter and associated local demarca- 
tion currents which might facilitate the development of local blocks under polariza- 
tion. 

Rosenblueth e( al. argue, as does Lorente also (2), that the myelm sheath could 
not act as an insulator. In support of this position the former refer to the experi- 
ments of Tasaki (10) indicating that myelin is not a perfect dielectric, but not to 
the statement by Tasaki in the same paper that “Die internodale Strecke der Faser 
lasst sich nicht erregen,” nor to a later publication by Tasaki el al. (11) in which it is 
stated that the action current of a nerve fiber derives from the Ranvier nodes and 
not from the myelin-covered region of the fiber. Moreover, complete support for our 
conclusion with regard to the location of blocking points at nodes is supplied by the 
experiments of Huxley and Stampfli (12) who find that the membrane current through 
the myelin can be explained as a passive current through a resistance and capacity 
in parallel, and conclude “that the action potential at each node excites the next node 
by currents flowing forward in the axis cylinder and back in the fluid outside the 
myelin sheath,” This result in some respects is similar in its implications to results 
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obtained by Blair (13). The latter found that “in depressed nonconducting medul- 
lated nerve, the all-or-nothing response of a single segment is the least obtainable; 
increasing the strength of stimulation increases the spike through the entrance of 
additional segment responses.’’^ 

Huxley and Stampfli found that immersion of a nerve fiber in oil alters its reac- 
tion to isotonic sugar solutions; so, suspecting that the oil might affect also the 
distribution of current lines, they devised a method that made it unnecessary to 
bring oil into contact with the fiber. In attempting to account for the differences 
between Rosenblueth’s and our results a similar thought had occurred to us, also. 
In any event, however, the behavioral differences of these two preparations, the 
phalangeal nerve and the spinal root, under polarization remain to be reconciled. 

Within specified limits, the graphs derived from single fibers and from fresh, 
multifibered preparations are described, with but few exceptions, by the formula 
h — 7/0 where /?o is the height of tlie normal spike, v the polarizing voltage, 

the constant k, which certainly must be a function of the membrane resistance, being 
as a rule larger, but never smaller, when the polarizing electrode is the anode. The 
latter result is in keeping with the long known fact that the electrotonus produced 
by anode polarization is greater than that produced by cathode polarization, a dif- 
ference that is usually regarded as evidence of the action of the membrane as a phj^- 
ical rectifier, but, by Lorente, as a reaction on the part of nerve. 

To refer to some of the more recent of the relevant literature dealing with this 
subject. Cole and Hodgkin (14), using single giant nerve fibers of the squid and 
alternating current bridge methods, at first were unable to demonstrate ‘rectification.’ 
Then Cole (15) found that it could be demonstrated by killing the ner\^e under one 
of the polarizing electrodes and concluded tliat in their first set of observations the 
rectifying action had been concealed by approximately equal and opposite rectifica- 
tions at the anode and at the cathode. Another reason. Cole believed, was failure in 
their earlier experiments to use polarizing currents of adequate strengths. Then 
Guttman and Cole (16) found that after killing the fiber at one of the polarizing 
electrodes the ‘rectification’ effect could be directly observed through the use of a 
direct current Wheatstone bridge. In the present investigation killing the locus of 
the toe nerve or of the fresh sciatic nerve over the distal polarizing electrode (with 
arrangement A, fig. i, and diphasic recording) has not altered consistently the width 
of the angle at zero, although, owing to the proximity of the polarizing electrode to 
the distal lead, the diphasicity often was reduced somewhat thereby in the case of 
the toe ner\’’e. In this connection it may be mentioned that according to Hodgkin 
(17) the membrane of the giant fiber of Carcinns obej^s Ohm’s law over a wide range 
of anodic current but shows marked deviations with cathodic currents. In the latter 
respect his result differs from that found here with frog’s ner\’’e. 

The wide range, in different single fiber preparations, of the width of the angle 
formed at zero in the graphs of the relation between current strength and height of 
spike probably is due, at least in part, to variations in the extent of injury inflicted 
during the making and handling of the delicate preparations. As has been men- 
tioned, this is indicated by the fact that statistically the ratios of the tangent of the 


® Additional references relative to this subject are given by Huxley and Stiimpfli. 
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angles formed with the base line of the anode and of the cathode lines are definitely 
smaller, on the average, with monophasic than with diphasic recording. Damage 
could have this effect if it diminished the rectifying action of the membrane. The 
much greater uniformity of tangent ratios derived from observations on the sturdier 
fresh sciatic nerve is in keeping with this view. It is a matter of some interest, how- 
ever, that nerve fibers appear to be functioning quite normally through a range of rec- 
tification, such as is represented by tangent ratios of i, or no rectification, and 3.6. 

Stray demarcation currents, such as might result from local damage or from cut 
branches, cannot be a factor in this connection since any such would add themselves 
algebraicahy to the applied currents and the only result would be to shift the graphs 
laterally, so that the angle would no longer be at the zero of the applied current. 
Only one probable instance of this has been seen. That stray demarcation currents 
are not a main factor, if they are a factor at ail, in the production of the angle is 
demonstrated by the presence of the angle in the experiments with fresh frog sciatic 
nerves. Indeed, it is worthy of note that in diphasic recordings the averages of the 
tangent ratios derived from multifibered (1.84) and single fiber (2,20) preparations 
are essentially alike. This is all the more remarkable in view of the fact that the 
multifibered spike is the average of the spikes from a wide range of fibers whereas 
the single fiber spike is probably that of a fiber larger in diameter than the average. 

Tasaki et al. (18) have recently investigated the modification of the electric 
response of a single node of Ranvier by polarization. They, as we, used a resistance- 
capacity coupled amplifier. According to them, cathode polarization decreases spike 
height markedly, while anode polarization increases it, but only slightly. These 
results, thQ^ point out, and correctly, differ from those of all other investigators, and 
th^ ascribe the “discrepancies ... to the complex character of the electrical network 
in the nerve trunk, especially to the highly polarizable character of the myelin sheath 
of the fiber in question or of the neighboring fibers”. It seems more likely that their 
results differ from ours because of differences in networks and also because of differ- 
ences in the time and the place of application of the currents employed. In their 
experiments the cathode of the stimulating circuit and the proximal recording and 
polarizing electrodes were one. The polarizing current was started only ii msec, 
“before the onset of the long rectangular current pulse by which the spike to be 
recorded, was evoked,” The duration of their stimulating current is not stated in this 
particular connection, but earlier in the paper they speak of “a rectangular current 
of 10 msec, duration.” Under such conditions the stimulating current would add to 
the effect of the polarizing current when the latter was cathodal, and subtract from 
the effect of the polarizing current when it was anodal. It is just in these respects 
that the results pictured in their graph (their fig. 2 C) differ from ours: on the anode 
side of their graph the slope is slight (the increase in spike height is slight), whereas 
on the cathode side there is a steep decline. Their graph on the anode side seems to be 
concave upwards, but not clearly so because of the narrowness of range of amplitudes. 
On the cathode side their curve opens downwards, but the scattering of points is quite 
wide; consequently it is almost possible to regard their total graph as being com- 
posed of two straight lines meeting with an angle at zero, but with a downward bend 
there. 
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As to differences in the time relations of current application, their polarizing 
current, as stated above, starts only ii msec, before the onset of the rectangular 
stimulating current through the common electrode. In our experiments the action 
potential is conducted to the polarized locus and arrives there several seconds 
(not msec.) after the start of polarization. But whether these temporal differences 
also are a factor in the production of the results they get, it is impossible to say. 

The plotted data of our study yield curves of three types: c) There is the single- 
fiber type, linear on either side of zero up to polarizing current strengths that begin 
to deform the spike, or that actually block the impulse; this occurs at spike heights 
that range widely, between 118 and 182 per cent of the normal under anode polariza- 
tion and between 19 and 60 per cent under cathode polarization. This type is not 
altered by storage of the preparation in Ringer’s solution. Then there are multi- 
fibered types of two kinds. 1 ) With fresh preparations the result again is linearity 
on either side of zero, but through a narrower range of change in spike height, the 
ultimate gradual departure from linearity occurring at heights of 113 to 133 per cent 
with anode polarization and 74 to 84 per cent with cathode polarization; i.e., at 
levels corresponding roughly with the lower levels of departure from linearity in the 
case of single fibers, c) With multifibered preparations stored 24 hours or longer the 
middle portions of the curves approach the shape of a reversed. S, passing through 
zero almost linearly, i.e., without a sharp change in direction there, simulating in 
shape the curves of electrotonic potential published by Lorente. 

Curves of type a could signify that the action of the current on a normal fiber is 
exerted primarily at a specific, the most accessible, locus until block supervenes 
there, that then the action of the current is displaced to the next, a more remote, 
most accessible locus, and so on. These loci might be either nodes of Ranvier or entire 
internodal segments. Curves of type h then would be the resultant of a multitude of 
curves of type a. And the disappearance of loci of higher susceptibility to current 
action, such that all parts of each fiber become equally susceptible, would result in 
curves of type c. 

Possibly relevant to this view is the observation of Weddell and Glees (19) that 
in warm-blooded animals section of a nerve in situ results in structural changes in the 
myelin sheath that become obvious within 12 horns. Such changes might render the 
axon more accessible to applied currents and equally so everywhere. If this occurred 
within 24 hours in the case of the stored sdatic nerve of the bullfrog, curves of type c 
would be accounted for, since under these conditions spike height would change 
logarithmically with changes in the strength of the polarizing current. A much longer 
period of storage would be required to produce these changes in the case of the toe 
nerve because, due to its tenuousness, there would be less interference with its 
metabolism imder these conditions. 

There have been occasional variations from the rules as stated above. For these 
we have no explanation to offer. Our experience in this respect is not unique. Lorente, 
for example, notes that exposure to a given concentration of CO2 may yield values 
in different nerves that differ by as much as 50 per cent under apparently like condi- 
tions (2). 
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SUIQIARY 

Determinations have been made of the effect of polarization on the height of the 
spike at the polarized locus, after amplification with a resistance-capacity coupled 
amplifier, of single medullated fibers of the phalangeal nerve and of preparations 
split from the sciatic; and, for purposes of comparison, similar observations have 
been made on multifibered responses from the unbranched part of the sciatic nerv^e 
of the frog, both freshly dissected and after storage in Ringer’s solution at 5° C. 

The height of the single fiber spike, with very few exceptions, increases linearly 
under anode, and decreases linearly under cathode polarization up to current strengths 
that produce signs of, or actual, block. The proportionality factor rather regularly is 
greater (but never smaller) for inwardly directed currents. The ratios of these factors 
range rather widely from preparation to preparation, due, possibly in part, to vary- 
ing amounts of local damage done during preparation, though no sign of altered 
functioning is apparent even when this evidence of rectification is absent. The height 
of the spike in different preparations at the limits of linearity, in percentage of the 
normal, has ranged between 118 and 182 with anode, and between 19 and 60 with 
cathode, polarization. Storage of this preparation at 5° C. up to 43 hours does not 
alter the result appreciably. The evidence that we are dealing with the responses of 
single fibers is reviewed. 

With the freshly prepared sciatic nerve the relation on either side of zero polariza- 
tion likewise is linear in a majority of the cases. In such cases the range of rectifica- 
tion, as measured by the tangent ratios of the slopes to either side of zero, is relatively 
narrow, but the departures from linearity of the relation of spike height to polariza- 
tion strength begin at relative spike heights that are roughly the same as the lowest 
of the values derived from single fibers. 

Sciatic nerves stored i to 8 days regularly yield curves of the aurrent strength 
vs. spike height which in their mid sections are similar in configuration to published 
curves of the relation of electro tonic potential to strength of polarizing current; 
they are reversed S in shape, pass through zero polarization without an angle, but with 
ordinates that are somewhat larger with ingoing than with outgoing currents. 

These results are consistent with the view that in a normal, segmented, pe- 
ripheral nerve fiber all of the susceptible processes that are concerned with the deter- 
mination of the height of the spike are altered linearly by applied currents up to 
strengths that block, or begin to block, the nerve impulse, and that this relation 
breaks down in nerves stored \mder relatively anaerobic conditions, due possibly to a 
change in the dielectric properties of the myelin sheath. 

REFERENCES 

1. ScHMUZ, W. AOT H. Schaefer. Pfiilger's Arcluf. d. ges Physiol. 232: 713, 1933. 

2. Lorente de No, R. A Study of Nerve Physiology. New York: Rockefeller Inst Med. Res. 1947. 
Vol. I and 2. 

3. Erlakger, J. and E. a. Blair. Am. J. Physiol, no; 287, 1934. 

4. ScHOEPFiE, G. M. AND J. Erlanger. Am. J. Physiol. 155: 468, 1948. 

5. Blair, E. A. and J. Erlanger. Am. J. Physiol. 106: 524, 1933. 

6. Blair, E. A. and J. Erlanger. Am. J. Physiol. 126: 97, 1939. 

7. Da\’1s, H., W. Paschal and L. H. Rice. Am. J. Physiol. 86; 706, 1928. 



232 GORDON ISI. SCHOEPFLE AND JOSEPH ERLANGER Volume 15Q 

8. Rosenblotth, a., N. Wiener, W. Prrxs anp J. Garcu Ramos. J. Cell. & CompL Physiol. 32; 

27s, 1948. 

9. Bishop, G. H. and J. Erxanger. Am. J. Physiol. 78: 635, 1926. 

10. Tasaki, I. Pjliiger's Arch.f. d. ges Physiol. 2441 125, 1940. 

11. Tasaki, I. and K. Mizdguchi. J. Neurophysiol. 11: 295, 1948. 

12. Htnaxy, A. F. and R. Stampixi. J. Physiol. 108: 315, 1949. 

13. Blair, E. A. Am. J. Physiol. 123: 435, 1938. 

14. Cole, K. S. and A. L. Hodgkin. J. Gen. Physiol. 22: 671, 1939. 

15. Cole, K. S. J. Gen. Physiol. 25: 29, 1948. 

16. Gtjxtman, R. and K. S. Cole. Proc. Soc. Exper. Biol. & Med. 48: 293, 1941. 

17. Hodgkin, A. L. J. Physiol. 106; 305, 1947. 

18. Tasaki, I., K. Mizdguchi and K. Tasaki. J. Ncurophysiol. 11: 305, 1948. 

19. Weddell, G. and P. Glees. J. Anal. 76: 65, i94i- 



EFFECTS OF CHROMATOLYSIS ON INTERACTION OF 
SPINAL MOTONEURONS^ 

\Ti:RNON H. MARKS 

Frotn the Department of Anatomy, University of Minnesota Medical School 

IHNNEAPOUS, MINNESOTA 

R ENSHAW (i) has shown that antidromic volleys condition the synaptically 
excited discharges of other spinal motoneurons. The most striking effect is 
^ a pronoimced inhibition when the synaptically excited cells and the moto- 
neurons receiving the antidromic volley supply the same muscle ox musde group. 
Thus, conditioning effects are most apparent when the two groups of motoneurons 
occupy the same portion of the ventral horn, axially as well as cross-sectionally. The 
mechanisms involved in this conditioning have been reduced to the two most likely 
possibilities. These include the external action potentials of the antidromically fired 
cells and the impulses discharged by the recurrent collaterals transmitting the anti- 
dromic volley. Axonal chromatolysis of spmal motoneurons selectively reduces the 
external action potential without affecting conduction along the axons or, presumably, 
their collaterals (2). In this experiment, the chromatolysis of the conditionmg moto- 
neurons was used to differentiate between the two conditioning mechanisms that 
were postulated. 

In Renshaw’s experiment, a proprioceptive or monosynaptic reflex discharge was used as a 
test volley in conjunction with an antidromic conditionmg volley. A significant feature of this con- 
ditioning -was the early onset of inhibition of the test response. In fact, conditioning occurred when 
the testing impulses, which fired the tested motoneurons after a single synaptic delay, and the anti- 
dromic volley arrived in the ventral horn simultaneously. Therefore, indirect inhibitory mechanisms 
were eliminated as a source of conditioning because they require a longer conditioning interval 
than was present in that experiment. Renshaw (i) and Lloyd (3) described the ejqjerimental 
conditions that were most favorable for the production of maximum inhibition. These included 
the use of a maximal conditioning shock and a threshold proprioceptive test discharge. A fixed 
antidromic volley inhibited the greatest percentage of the total neurons fired when the test shock 
was near threshold. As the strength of the test discharge increased beyond this point, a fixed anti- 
dromic volley inhibited an increasingly smaller percentage of the total neurons fired. On the other 
hand, a constant threshold test response showed a progressive decrease in amplitude as the strength 
of the conditioning discharge was increased. But at the point of maximum conditioning, an increase 
of twenty-fold in the magnitude of the conditionmg shock did not increase the response deficit. 

The selective functional alterations produced by axonal chromatolysis were studied by two 
groups of investigators. Acheson, Lee and Morrison (4) found a, progressive decrease in the amplitude 
of the spontaneous discharge recorded from the central end of a previously cut phrenic nerve, as 
compared to the uncut nerve on the opposite side. This effect became apparent 8 days after section, 
and increased in intensity up to 21 days. In critical animals, both phrenic nerves were excised, after 
definitive experimentation, and studied in, a moist chamber. When correction was made for con- 
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duction velocity, there vras no significant difference in the amplitude of the maximal spike for A 
fibers in the two ner\’es. It was concluded that Uie deficiency in the spontaneous firing of the previ- 
ously sectioned phrenic nerve was not due to failure of conduction in tlie phrenic axons. 

Campbell (s, 6) correlated the physiological alterations of sciatic nerve and ventral root section 
with the resultant chromatolysis of the nerr-e cells in the lumbosacral cord and spinal ganglia of cats 
and monkeys. He found a loss of the proprioceptive component of the segmental spinal reflex during 
the period of chromatolysis. This did not stem from degeneration in the sensory system, for there 
was no alteration in the amplitude or rate of conduction from tlie peripheral to tlie central fibers of 
the dorsal root ganglion cells. Furtliermore, tlic negative cellular response of the antidromic cord 
potential was decreased or absent, whereas the positive axonal potential of the approaching impulse 
was unchanged (2). Conduction along afferent pathways and axons of involved spinal motoneurons 
thus was not affected in chromatolysis. In furtlicr studies, Campbell, Gasteiger and Mark (7) 
quantitated the effect of chromatolysis in the multi-sj'naptic tibial-pcroneal reflex. They found a 
decrease in the total electrical cxdtability of the reflex beginning 3 days after peroneal nerve section. 
The time course of this altered response in tlic early stages of chromatolysis was paralleled bj' histo- 
logical studies of the involved spinal motoneurons. It was concluded that the chief functional altera- 
tion found at the spinal level was an increase in tljc threshold of excitability of tlie chromatolyzed 
motor nerve cells. 


MATERL'tLS AND METHODS 

Six cats bad the nerves to tbeir right semitendinosus and semimembranosus 
ligated and severed with sterile precautions and under light sodium pentobarbital 
anesthesia, 5 to 9 days before the experiment. The terminal procedure was carried 
out under very light dial anesthesia which was augmented by midthoracic spinal 
cord transection. Dorsal roots from L-5 to S-4 were severed intradurally and bi- 
laterally. Reflex proprioceptive discharges were produced in the nerves to the biceps 
femoris by stimulation of appropriate dorsal roots. Antidromic discharge was initi- 
ated by stimulation of the nerves to the semimembranosus and semitendinosus. Re- 
cordings of the antidromic cord potential nrere made from the mid-dorsum of the cord 
with a monopolar ball electrode. The usual differential amplifier, sweep S3mchronized 
thyratron stimulator and cathode ray oscillograph were used. Histological sections 
were taken from the lumbosacral cord. 

RESULTS 

Both histological and physiological evidence of chromatolysis were present in the 
motoneurons of the nerves to the right semitendinosus and semimembranosus. Tigrol- 
ysis of motoneurons on the right was present at the S-i level of a 9-day animal. The 
location of the chromatolysed motoneurons, in cross-section, correspond to similar 
studies of the hamstring nuclei in dogs by Marinesco (8). The degree of chromatolysis 
resembled stage HI of Campbell and Novick (9), with widespread dissolution of the 
Nissl substance and eccentricity of the nuclei. Reflex segmental discharges into the 
nerves of the right semitendinosus and semimembranosus were characterized by a 
delayed response without a discharge at the usual time of the proprioceptive deflec- 
tion. In addition, the negative cellular component of the antidromic cord potential 
was deficient on the right. This is demonstrated in figure la, contrasting the right and 
left antidromic cord potentials in a 5-day animal with the same recording conditions. 

The conditioning of a threshold proprioceptive reflex in the nerves to the biceps 
by a maximal antidromic volley initiated in the central end of the previously cut 
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nerve of the semitendinosus and semimembranosus was a pronounced inhibition in 
every case. In table i the maximum inhibitory effect is listed in 6 chromatotysis ex- 




K 



Fig. I. a. Comparison of antidromic cord potentials of chromatolj'sed (upper) and normal 
(lower) evoked by stimulation of the nerves to the semimembranous and semitendinous muscles, b. 
Scema of conditioning experiments, c. Conditioning effect of antidromic stimulation of normal neigh- 
boring neurons upon reflex discharge in the nerve to biceps femoris. d. As in c but with antidromic 
shock to chromatolj'zed neurons. Time in milliseconds. 

periments and compared to 5 normal experiments from this series. The maximum 
inhibition produced in the 6 experiments with chromatolyzed conditioning moto- 
neurons varied from 25 to 52 per cent of the test response. The maximum inhibition 
in 5 control experiments varied from 25 to 56 per cent of the test response. The simi- 
larity in maximum conditioning effects is further illustrated by the oscillographic 
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records of the critical conditioning intervals on the control and chromatolyzed sides 
of a 5-day animal (fig. i c, d). Tlicse records also indicate a similar time course of 
inhibition on the two sides. This fact is borne out by the conditioning curves of 4 
chromatolysis experiments contrasted with 2 normal conditioning curves in figure 2. 
Each significant point in each curve was the resultant average of between 10 and 24 
alternate determinations of the conditioned and test response. The curves demon- 
strate the maximum biological variation obtained in the control and chromatolysis 
experiments. In both the chromatolyzed and the normal conditioning curves, a re- 
sponse deficit was present at an interval of 2 msec. These curves resemble the con- 
ditioning curves of similar experiments using the nerves to the 2 heads of the gastroc- 
nemius by Renshaw (i) and Lloyd (3). In summar}’-, the table of maximum inhibitions 
and the conditioning curves show a marked similarity in the chromatolysis and 
control experiments. This indicates that chromatolysis and the subsequent reduction 
of the external action potential of the conditioning motoneurons does not affect the 
magnitude or the time course of this conditioning. 

Tablk I. Maximum iniuiiitiox listed as peucentage or test shock 
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* Maximum conditioning recorded only. 


DISCUSSION 

The recurrent collaterals of axons of mammalian spinal motoneurons were first 
mentioned by Golgi in 1883 (10). Their finding was substantiated by Ramon y Cajal 
(ii), v. Koelliker (12) and others. According to v. Lenhossek (13), the majorit3’- of the 
collaterals originated from the axons as they passed from the gray to the white matter. 
The recurrent course of the collaterals was described by Ramon y Cajal (14). He 
followed these fibers to their apparent termination in the ventral horn in the vicinity 
of neighboring motoneurons. He was not able to give an exact description, however, of 
the termination of the collaterals on cell bodies or dendrites. 

The functional significance of the recurrent collaterals of spinal motoneurons was 
discussed by v. Lenhossek in 1895 (13), who thought that they might influence the 
excitability of neighboring nen'ous elements. T. Graham Brown (15) tried to in- 
corporate the collaterals into his theorj'^ of antagonistic half centers, as mediators of 
inhibitory impulses. A. Forbes (16) postulated a similar role for the recurrent col- 
laterals in the reciprocal innervation of antagonistic muscles. Later, this theory was 
put to a careful experimental test (17). It was found that a crossed-extensor reflex, 
set up by contralateral sciatic nerve stimulation, was not modified by antidromic 
volleys arriving at the cord in motoraxons of the ipsilateral peroneal nerve. Renshaw 
(i) was the first to demonstrate the direct inhibitory effect of an antidromic volley 
on the reflex discharge of neighboring motoneurons, and he considered this effect a 
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mechanism for synchronization of the firing of motoneurons in a particular nuclear 
group. 

Grundfest (18, 19) and Renshaw (i) have reviewed the biological effects of in- 
trinsically generated action potentials on neighboring or contiguous nervous ele- 
ments. The reduction of the external action potential in the present experiment, how- 
ever, had no effect on the conditioning observed. Thus, in Renshaw’s experiment, 
the possibility that conditioning effects were caused by the external action potential 
of the antidromically activated motoneurons is eliminated. The other inhibitory 
mechanism that was postulated, namely, the impulses discharged by the recurrent 
collaterals, could not be subjected to selective experimental evaluation in the spinal 
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Fig, 2. Condition curves of 2 normal and 4 chroma toly tic sides. 

cord. Hence, only evidence of a suggestive nature is presented to implicate the recur- 
rent collaterals as mediators of conditioning impulses. 

SUMMARY 

The conditioning of a proprioceptive discharge by an antidromic volley, in closely 
related groups of spinal motoneurons, was not altered by chromatolysis and the 
subsequent reduction of the external action potential of the conditioning moto- 
neurons. This is direct evidence tliat the external action potential of the antidromi- 
cally fired nerve cells does not exert a demonstrable conditioning effect on closely 
related groups of spinal motoneurons. This also suggests that the recurrent collaterals 
may be implicated as mediators of conditioning impulses. 

The author gratefully acknowledges the assistance and advice of Dr. Berry Campbell in whose 
laboratory the experiments were made. 
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EFFECT OF CORTICAL STIMULATION ON RESPIRATORY 

RATE 

T. J. SPEAKMAN 3 akd B. P. BABKIN 

From the Department of Neurology and Neurosurgery, McGill University, and the Montreal 

Neurological Institute 

jrONTREAL, CANADA 

D uring the course of an investigation of cortical autonomic representation 
in dogs and cats (i), respirator}^ changes were observed almost invariably 
in association with autonomic responses. Because of the possible reflex 
effects of respirator}'’ alterations on the autonomic functions under consideration 
(e.g. gastrointestinal motility) • respiration was recorded in all experiments. With 
the appearance of the phenomena to be described, it became necessary to carry out 
a separate study designed to elucidate the effect of various anesthetic agents and 
stimulus characteristics on cortically induced respiratory changes, as well as to 
determine the cortical respiratory areas and the types of responses capable of being 
produced therefrom. 

The literature on respirator}' responses from the lateral and orbital surface has 
been reviewed by Delgado and Livingstone (2) recently and the reader is referred to 
their table 1 for a summai}'. There is general agreement among the recent workers 
that there is an area for acceleration of respiration in the sensory-motor cortex, and 
an area for inhibition and arrest on the orbital surface. Recently both acceleration 
and arrest of respiration have been reported from the cingulate g}'rus (3). 

METHODS 

Experiments were performed on rg dogs and 4 cals, all adults. .A-nesthesia was obtained as 
follows: dogs: 7-chloralose and urethane (1:10), 5-nembulal, 4-dial, 3-pentothal; cals: 3-dial, 1-2 
per cent novocaine locally. Thoracic and abdominal excursions were recorded b}' a closed air S3'Stem 
from a balloon girdle or rubber bellows apparatus attached outside the thorax and abdomen. Dia- 
phragmatic movements were recorded from a Ijalloon placed high up in the fundus of the stomach 
under the diaphragm. To eliminate abdominal wall artefact in the records of diaphragmatic respira- 
tion, the abdomen was incised widel}^ transversely, the intestines retracted in a moist towel, and the 
temperature of the whole kejjt constant at 38-40 degrees. Blood pressure and pulse rate were also 
recorded, as well as manj' simultaneous records of gastrointestinal movements. All records were 
preserved on a continuous ink-writing kj'mograph. 

The orbital surface was exposed bj' removal of the orbital contents. The cingulate gj'rus was 
exposed Iw clipping or coagulation of the veins entering the longitudinal sinus, and retraction or 
removal of the hemisphere on the same side. This provided an adequate exposure of the opposite 
cingulate gyrus. The cortex was stimulated with bipolar silver wire electrodes of 2 to 3 mm. separation 
held in a ball-and-socket clamp which permitted stabilit}' and easj' mobilitj' as desired. The points 
stimulated were recorded on a sejjarate brain chart, or by photographing numbered tags placed 
directlj' on the cortex. 

Received for publication June 20, 1949. 

' Read before the Alontreal Neurological Society, April 25, 1948. 

- This investigation was made possible b}' a grant from the National Research Council, Canada. 
^N.R.C. (Can.) Fellow in Medicine 1947-48. 
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The stimulus was of the sciuarc wave type with itulcj)cncleiUly varial)le frcriuency, intensity 
and wave duration to the extent that eacli wave could occiijiy 8o per cent of tlic interval between 
successive waves without distortion. An exploratory stimulus of i to 0 volts, Oo cycles and 6.4 milli- 
seconds was used, since it was found to give most consistent results. 

RESULTS 

ChJoralosc and Urethane. The predominanl response from stimulation of the 
cortex of dogs under chloralose and urethane was acceleration of respiratory rate. 
This effect was produced most readily from a jtoint about 5 mm. anterior to the 
lateral end of the cruciate sulcus (fig. i^l). Less marked responses could, however, be 



Fig. I. Dog brain. Alterations of respiratory rate from cortical stimulation under barbiturate 
narcosis or local anesthesia. A, lateral surface; B, orbital surface; C, medial surface. -|- = respirator}- 
acceleration; — = respiratory slowing or arrest. 

produced from the anterior and posterior sigmoid gj’^ri, the anterior end of the 
coronal, ectosylvian and sylvian gyri and an irregular strip of cortex anterior to the 
presylvian sulcus and lateral to the olfaclor}'^ tract. Medially, acceleration occurred 
from stimulation of the entire middle and anterior portions of the cingulate gyrus. 

Slowing of respiration using chloralose and urethane was seen in onl}'- two 
experiments, the area for the response being the anterior end of the ectosylvian 
gyrus (fig. iB). Arrest of respiration was never seen in the dog under this type of 
anesthesia. No inhibitory effect on respiration could be obtained from the sub-genual 
portion of the anterior cingulate gyrus with this anesthetic. 

A heretofore unreported phenomenon was produced at a very light level of 
chloralose and urethane anesthesia (fig. 2). This consisted of an increase of rate, a 
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diminution of the thoracic excursion and an increase in the diaphragmatic excursion 
during stimulus. Although the stimulation lasted only 10 to 20 seconds, there was a 
gradual decrease of the thoracic excursion until in 10 to 100 seconds the thorax came 
to rest in the expiratory’- position, and the diaphragm alone continued to perform the 
respiratory act. Observation of the animal at this time showed completely flaccid 
thoracic and abdominal walls, the abdomen moving only passively due to the dia- 
phragmatic contractions. 

The full ‘shift’ persisted for 30 to 60 seconds when, by the same gradual process, 
thoracic respirations graduall}’’ increased in amplitude and the diaphragmatic ex- 
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Fig. 2 {left). ‘Smrx’ or respiration from predominantly thoracic to predominantly diaphrag 
matic, from stimulation of the lateral end of the anterior sigmoid g>’’rus. 

Fig. 3 {right). Slight acceleration of respiration with decrease of thoracic excursion and 
increase of diaphragmatic excursion, but without complete ‘shift’ from same point as figure 2 with 
weaker stimulus. 


cursions diminished until the original conditions were reestablished 2 to 3 minutes 
after stimulation. This response could be reproduced at will from those areas of the 
cortex which , ga-ve an augmentation of respiration in any given experiment. It was 
also elicited (as were the other changes herein described) as a reflex response to cer- 
tain types of peripheral stimulation. 

The chief factor in the production of this phenomenon w'as a light level of 
chloralose and urethane anesthesia. Deepening the anesthesia or reducing the 
strength of the stimulus eliminated the second part of the response, so that slight 
acceleration with diminution of thoracic excursion and increase of diaphragmatic 
excursion occurred, and was confined to the period of actual stimulation; the .‘after 
effect’ did not appear (fig. 3). 
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BarUlnraies. The depression of autonomic reflexes produced by the dosage of 
barbiturates sufficient to inhibit somatic reflexes seemed to be much greater than 
that resulting from similar dosage of chloralose and urethane. Nevertheless, the 
following responses were not specifically due to effects of anesthesia since they could 
be produced from the same areas in unanesthetized preparations. 

The changes in respiratory rate from cortical stimulation were qualitatively 
similar for aU the barbiturates and are summarized in figure i. With this group of 
anesthetic agents there are four well defined cortical areas from which changes in 
respiratory rate may be produced: 
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Fig. 4. Analysis of smiuLus CHAEAcrERiSTics for respiratory ialubition from the insular- 
orbital region. A, frequency varied; B, vrave duration varied; C, intensity varied; D, position altered. 
Note apparent acceleration following gasp in D-z. 


Acceleration: a) centering around the lateral end of the anterior sigmoid gyrus 
and extending anteriorly to and across the presylvian sulcus (fig. xA)]b) the middle 
and most of the anterior portions of the cingulate gyrus, with the exception of 
h below (fig. iC). 

Inhibition: a) roughly defined as the ‘insular-orbital region’^ which includes the 
anterior ends of the sylvian and ectosylvian gyri (anterior composite gyrus) and the 
adjacent parts of the frontal lobe and olfactory tract (fig. iB); b) a small area on the 
anterior cingulate gyrus anterior and inferior to the genu of the corpus callosum 
(fig. iC). 

Using a higher speed kymograph it could be shown that the latent period for 

* This term is used to emphasize the homology between the sylvian and anterior sylvian gyi' 
of animals and the anterior part of the Island of Reil in man (4). ^^ile the entire area is in direct 
relationship to the roof of the orbit, the term ‘orbital surface’ should be reserved for the orbital gyri 
and other portions of the inferior surface of the frontal lobe. 
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these responses was dependent upon the phase of the respiratory exciursion during 
which stimulation began. For example, inhibition in the cat, occurring maximally 
in expiratory arrest (fig. 4C), appeared only at the conclusion of the respiratory cycle 
during which the stimulus was applied. The alteration of rate could be maintained 
for a variable period, depending on its intensity. Complete arrest was seldom pro- 
longed beyond 10 seconds, when escape occurred at a slower rate and diminished 
amplitude. With cessation of stimulation, the original rate was usually resumed 
immediately, although there was occasionally a short after effect. 

Stimulus Characteristics. Acceleration responses were more readily produced 
in the dog, while inhibition was most consistently apparent in the cat. For this reason 
the following analysis of the quantitative and qualitative effect of stimulus character- 
istics on the cortically induced respiratory inhibition was carted out on the cat. 
Optimal frequencies lay between 30 to 60 cycles per second (fig. 4^), while above 
200 cycles per second and below 10 cycles per second there was either no change or, 
occasionally, slight acceleration. Optimal wave duration with this tjqje of stimula- 
tor was 6.4-12.8 m.s. with an effective range of 3.2-25.4 m.s. (fig. 4B). Beyond that 
range the inhibition was submaximal, but acceleration never appeared as long as 
the intensity and frequency were not altered. The phase during which stimulation 
was applied bore no relation to the phase of arrest. By altering the intensity it was 
possible to show that the maximal response consisted, in the cat, of arrest in ex- 
piration (fig. 4C) due to inhibition of the inspiratory cycle. The same method could 
be used to determine the ‘center’ of the responsive area (fig. 4D). 

A similar analysis of the stimulus characteristics for acceleration revealed 
wider variations of the same order as for inhibition. However, while it was oc- 
casionally possible to produce acceleration from the so-called inhibitory areas using 
stimuli outside the mentioned ranges or very light anesthesia, it was not possible 
to produce respiratory arrest from the so-called accelerator areas. 

Blood Pressure. Blood pressure responses were not studied independently of 
respiration but an analysis of all the changes in this series with chloralose and ure- 
thane anesthesia showed that the usual response was depressor from all the respira- 
tory areas. This was usually more marked when there was an alteration of respira- 
tion and seemed to be greatest from the sub-genual portion of the anterior cingulate 
gyrus, where the fall sometimes amounted to 60 mm. On the other hand, with the 
barbitiurates there was frequently a slight rise of the blood pressure at the beginning 
of stimulation (particularly from the orbital surface), followed by a somewhat 
greater fall if respiratory inhibition occurred, and finally a slight rise following the 
end of the stimulus, before the original conditions were reestablished. Since these 
alterations were more marked when there were also respiratory changes, it was felt 
that they were at least partly cardio-respiratory reflexes, rather than indicative of 
specific cardio-vascular centers. 

It is interesting in this regard that the blood pressure response from the anterior 
cingulate gyrus could be reversed by cutting the vagi. Prior to bilateral vagotomy a 
fall of 30 mm. occurred from stimulation of this area, whereas after vagotomy and 
the introduction of artificial respiration a rise of 30 inm. was produced by stimulation 
of the same point. . , 
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DISCUSSION* 

The influence of different anesthetic agents on respirator}’' responses from the 
cortex was first discussed by Spencer (5) who felt that the level of anesthesia, as 
well as the type of anesthetic used, determined the quantitative and, to some extent, 
the qualitative variations in results. The results presented here bear out this criticism 
of much of the past and current work in the field of autonomic responses from the 
cortex. It must be concluded that no blanlcet statement can be made regarding the 
type of response obtainable from any given cortical area, unless and until the effects 
of the anesthetic agents on the cortical and subcortical neuronal mechanisms, and 
the effector organs, are known. Similarly, full account must be taken of the inter- 
actions of the various changes in different systems (e.g. B.P. and respiration) which 
are altered by stimulation of the same area. To a lesser extent we must also begin to 
appreciate the influence of variations in stimulus characteristics. 

We have confirmed previous workers regarding the presence of respiratory 
acceleration area about the lateral end of the anterior sigmoid gyrus and presylvian 
sulcus, and an inhibitor}’’ area in the ‘insular-orbital’ region (not from the coronal 
gyrus, 6). The respiratory responses from the cingulate g}'rus have been clarified. 
The latter has been divided into two functionally distinct portions, a large area for 
acceleration and a small, well localized area anterior and inferior to the genu of the 
corpus callosum for inhibition. 

It has been shown that inhibition of respiratory rate may be produced by stimula- 
tion of the ‘insular-orbital’ surface in unanesthetized animals, similar in every respect 
to that occurring in animals under barbiturate narcosis. Therefore, the absence of 
‘inhibitor’ area in dogs under chloralose and urethane is due to the level of anesthesia 
or some other action of these agents on the neuronal mechanisms involved. 

The previously unreported phenomenon consisting of a shift from thoracic to 
diaphragmatic respiration similarly must be considered to be a non-specific response, 
since it was obtainable from any cortical respirator}’’ accelerator area under the 
required conditions of anesthesia. It is not unlike the normal respiration in the 
relaxed and weary state, the respiration of deep sleep, or that of third stage anesthe- 
sia. It differed from the usual cortical motor responses in that it continued despite 
cessation of the stimulus. It was occasionally preceded by apparent hyper\'entila- 
tion, produced either by increased rate or depth of respiration, but could not be 
produced b}’’ hyper\’’entilation alone. The importance of this phenomenon, then, lies 
not in the cortical area from which it can be induced (since this is diffuse) but in the 
fact that a disturbance of the balance between the two major effector muscle groups 
for the respiratory act can be produced by cortical stimulation. 

It was not within the scope of this work to analyze the other properties of the 
respiratory act, such as inspiratory and expirator}’’ ‘tonus’ (5) nor to make a detailed 
study of the variations of amplitude of the abdominal and thoracic components. 
Examples of these may be seen in figures 3 and 4. It is obvious, however, that these 
factors play a role equal to, if not greater than, the rate in the volume of respiratory 
exchange and will require eventual elucidation. 

The effect of different frequencies of stimulation on respiratory responses in- 
duced by direct vagal stimulation has been reported (7, 8). 
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The analysis of the stimulus characteristics is not yet complete. However, the 
results presented indicate that there are limits to the electrical characteristics of the 
stimulus beyond which the cortical mechanisms will not respond. This will find 
explanation eventually in the electrical properties of the individual neuronal path- 
ways. It may be, and we have suggestive evidence, that there are different param- 
eters of electrical stimuli for different systems represented in the same cortical 
area. 

Recently it has been suggested that an opposite effect on the same function may 
be produced by different frequencies of stimulation on the same cortical area (2). 
Although we have also seen occasional acceleration from the inhibitory areas of the 
orbital surface with barbiturates, this has not been consistently true. It seems more 
likely that this is what Wyss has called a non-specific response (8). However, as 
indicated by the reversal of blood pressure response to stimulation of the sub-genual 
portion of the anterior cingulate g3nrus after bilateral vagotomy, it may be that there 
is a double representation of both sympathetic and parasympathetic systems in the 
one region (9). I^dien the dominant system is abolished the opposite effect appears. 

All the respiratory responses obtained by cortical stimulation can be obtained 
through peripheral reflex mechanisms (10). Arrest of respiration from the insular 
orbital region and from the sub-genual portion of the anterior cingulate gyrus is 
analogous to that obtained by vagal stimulation, through medullary centers. Ac- 
celeration from the anterior sigmoid and anterior and middle cingulate gyri is similar 
to that produced by stimulation of peripheral nod- and chemoceptors. Thus it is 
very probable that the cortical representation of respiration is simply a more special- 
ized reduplication of lower level mechanisms, presumably allowing of more elaborate 
and integrated control. 

The similarity of the Vagal’ motor effects on gastric motility and blood pres- 
sure from stimulation of the insular-orbital surface and the sub-genual portion of 
the anterior cingulate gyrus has been discussed in another paper (i). The addition of 
similar respiratory effects from the two areas is further evidence of a functional 
relationship between them. 


SUMMARV 

The effect of different anesthetic agents and stimulus characteristics on changes 
of respiratory rate by electrical stimulation of the cortex has been considered. 

There are two areas for inhibition of respiratory rate in the dog and cat: a) a 
small area on the anterior part of the cingulate gyrus just anterior and inferior to the 
genu of the corpus callosum; b) a larger area designated the ‘insular-orbital’ region 
which includes the anterior part of the anterior sylvian and ectosylvian gyri, the 
posterior portion of the frontal lobe between the presylvian and anterior rhinal 
fissures, and the adjacent portion of the olfactory tract. 

Acceleration of respiration in the dog and cat may also be produced from two 
separate areas: a) the anterior sigmoid and presylvian region; b) the anterior and 
middle portions of the cingulate gyrus, exclusive of the sub-genual area mentioned 
above. 

The maximal stimulus characteristics for inhibition of respiratory rate from the 
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insular-orbital surface using a square wave stimulator have been outlined. A pre- 
viously unreported phenomenon consisting of shift from predominantly thoracic to 
predominantly abdominal respiration is discussed, and a functional relationship 
between the insular-orbital surface and the sub-genual portion of the anterior cingulate 
gyrus is suggested. 
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VARIATION IN ACETYLCHOLINE CONTENT OF THE BRAIN 
WITH PHYSIOLOGICAL STATE 

DEREK RICHTER and JAMES CROSSLAND 
From the Neuropsychiairic Research Centre, Whitchurch Hospital 

CARDIFF, SOUTH WALES 


, CETYLCHOLINE is present in significant quantity in the mammalian 
LjL brain. It appears to occur mainly in the form of a physiologically inactive 
JL JL complex which liberates free acetylcholine when the tissue is treated with 
extractants. The level in the brain in vivo must depend on d) the rate of synthesis, 
h) the rate of liberation from the complex and c) the rate of loss by enzymic break- 
doi\Ti or by diffusion from the tissues. 

It has been suggested that acetylcholine may play a part in nervous transmission 
in the central nervous system. If nervous activity is associated with an increased 
liberation and breakdown of acetylcholine, the level in the brain in vivo might be 
expected to vary to some extent with the state of functional activity of the brain. 
T ke level should be maximal in conditions of reduced activity, as in ane sthesia and 
sXeePj while it migbiiT s how a temporary fall in states of increase d neuronal activity, 
_as during con vuisiohs TT'he presentlhvestigation was earned out to test if evidence 
could be found of any variation of the acetylcholine content with the degree of func- 
tional activity of the brain. 


METHODS 

Acetylcholine determinations were carried out on the whole brains of young 
Wistar albino rats of 20 to 30 gm. The animals were killed by immersion in liquid air, 
which produced a rapid fixation of any biochemical changes in the tissues and mini- 
mized post-mortem changes due to the breakdown or resynthesis of acetylcholine 
in the brain. This method of killing also appeared to cause less stimulation of the 
brain than other methods such as decapitation (i). The liquid air was put in a large 
wide-mouthed beaker so that the animals could be dropped straight in without 
delay. 

Series of animals were taken for acetylcholine estimation: a) during anesthesia; 
&) while sleepmg; c) in the normal waking state; d) during emotional excitement 
e) after electrical stimulation of the brain; and /) during convulsions. 

Anesthesia was obtained by intraperitoneal injection of sodium pentobarbital 
(5 mg/kg.); the temperature of the animals was maintained by placing them on a 
warm metal plate. Animals were made to sleep by the warmth and light of an operat- 
ing table lamp placed over the cage. Emotional excitement was produced by tipping 
from side to side in a large beaker for 4 minutes. Electrical stimulation of the brain 
was effected with 35 to 50V. A.C. at 50 cycles/second by platinum electrodes of 0.25 
sq. cm. area applied to the shaved scalp 0.5 cm. posterior to the eyes. Electrical stimu- 

Received for publicatiou June 16, 1949, 


247 



24S 


D. RICHTER AND J. CROSSLAND 


Volume 


lationfor i to 3 seconds produced satisfactory convulsions after a usual latent period 
of about 10 seconds, during which the animals were in coma. The procedure was 
similar to that used in the electroshock treatment of psychiatric patients. Further 
details of these methods are given by Richter and Dawson (2, 3). A normal control 
was included with one from each experimental group in any particular series of 
determinations and littermates were used as far as possible. 

ExtracHon of Acelylclwline. The validity of the results depended on obtaining a 
consistently high extraction of the total brain acetylcholine. The reliability of the 
usual methods has sometimes been questioned and special attention was therefore 
given to the method of extraction. The brain was dissected from the skull using chilled 
instruments and keeping the brain frozen by the use of further quantities of liquid 
air. It was then finely powdered in a cooled steel crusher. In order to minimize any 
errors due to incomplete extraction two different methods were used. 

Method I. Extraction with Buffered Saline. In this method the powdered brain 
was stirred at 0° C. into a mixture of i ml. acetate buffer fR 4.0 (made by diluting 
too ml. N acetic add and 31 ml. n sodium hydroxide solution to 700 ml.) and 3 ml. 
eserinized acidified amphibian Ringer-Locke solution. The Ringer-Locke solution 
before acidification contained 6.5 gm. NaCl, 0.14 gm. KCl, 0.2364 gm. CaCb-dHjO 
and 0.2 gm. NallCOs per liter; it was brought to pR 4.0 with N/4.S hydrochloric 
acid, using bromophenol blue, and 1 part in 4000 of eserine sulfate was added. The 
solution in a centrifuge tube was weighed before and after addition of the powdered 
brain. The mixture was rapidly brought to the boil on a Bunsen flame, allowed to 
cool, stirred with a glass rod and centrifuged for 5 minutes. The supernatant solution 
was decanted, the residue washed with 1 ml. eserinized amphibian Ringer-Locke 
solution at pR 4 and the combined supernatant solutions were kept in stoppered 
graduated tubes in the refrigerator imtil required for assay. 

Method 2. Extraction With Trichloracetic Acid. In this method the powdered 
brain was stirred with 4 mi. 10 per cent trichloracetic acid at 0° C. in a previously 
weighed centrifuge tube and the mixture was shaken thoroughly. The tubes w^ere 
kept on ice for 30 minutes, the mixture was then centrifuged 4 minutes, the residue 
washed with i ml. 10 per cent trichloracetic acid and the combined supernatant 
solutions brought to pR 4 with N sodium hydroxide solution. The solution w^as kept 
in the refrigerator until assayed. The presence of sodium trichloracetate at the 
dilution used (fid not interfere with the estimation of acetylcholine by the frog 
rectus preparation. 

In 6 experiments the powdered brain was ground with sand in a cooled mortar 
containing the extractant at o® C.; this modification of the procedure produced no 
significant (fifference. In a further series of 9 animals the completeness of the extrac- 
tion was tested by re-extracting the residue from the first extraction. Assays carried 
out. on the second extract, of which 5 were made with buffered saline and 4 with tri- 
chloracetic acid, gave a further small amount of acetylcholine; the figures were 
0.04, 0.02, o.oi, 0.0, 0.08, 0.0, 0.04, 0.02 and 0.0 /ig/gm. acetylcholine. These figures 
indicateci that the first extract, made by either method 1 or method 2 contained 95 
to too per cent with a mean of 98 per cent of the total acetylcholine obtained in the 
two extractions. Further tests showed a high recovery of known amounts of acetyl- 
choline added to the residue and then extracted by the normal procedures. In 6 



Novemler ig4g 


BRiVm ACETYLCHOLINE 


249 


experiments the amounts added were 2.0, 2,0, i.o, 2.0,, 2,0 and i.o fig. acetylcholine j 
the amounts found by assay on extraction with buffered saline were 1.S5, i.g and 
0.95 fig. in the first 3 experiments and 2.0, 1.9 and 0.97 fig. on extraction with tri- 
chloracetic acid in the last 3 experiments, respectively. The close agreement in the 
figures obtained for the brain acetylcholine by the two different methods of extraction 
also gave evidence that the methods of extraction used were satisfactory (table 2). 

Acetylcholine Assay. In a few preliminary experiments the leech muscle and cat 
blood pressure preparations were used, but in all the subsequent work the frog 
rectus method was preferred as it -was apparently more satisfactory'’ for the brain 
extracts which had to be tested. The frog rectus muscle y^s s et up in a 4 ml. bath of 
amplubian Ringer-Locke solution.lt was allowed to stand 2 hours in the oxygenated 
solution under a small tension of o.75_gm. The solution was frequently changed during 
the first hour and for the second hourTt was replaced by Ringer-Locke solution con- 
tainin g i in 100.000 cserme sulfat e. Before starting the determinations the muscle 
was tested several times with a small amount of acetylcholine to make sure that its 
sensitivity was constant and that it always relaxed to the same length. If these con- 
ditions were not fulfilled the muscle was left for a further 30 minutes in eserinized 
Ringer-Locke solution and then re-tested, hlost of the assays were carried out in an 
unheated laboratory during the winter months, but if the room temperature rose 
above 10° C. the bath temperature was reduced to ro° before use. 

Immediately before assay, each brain extract was di\aded into two equal parts, 
A and B. Solution A was brought to ps 7 with sodium hydroxide solution and then 
diluted with amphibian Ringer-Locke solution so that each ml. contained the extract 
from 100 mg. of brain. Solution B was made alkaline (pH ii) with sodium hydroxide 
solution, boiled to destroy the acetylcholine, brought to pn 7 and diluted with Ringer- 
Locke solution to the same volume as solution A. Portions containing i ml. of solution 
A made up to 4 ml. with Ringer-Locke solution were then assayed against knonm 
amounts of acetylcholine chloride made up in i ml. of solution B and similarly brought 
to 4 ml. with Ringer-Locke solution. This method, due to Feldbe _rg_( 4 ). avoided 
errors due to sensitizing substances present in the brain extracts. Acetylcholine 
solutions were made up daily from sealed phials containing i mg. acetylcholine in 
I ml. 10 per cent dihydrogen sodium phosphate solution. The eserinized Rmger- j 
Locke solution was made daily by adding the calculated amount of solid eserineJ 
sulfate to a diluted stock solution. 

’Ey the described procedure the brain from a 30-gm. rat pro%dded sufficient 
extract for 5 contractions of the rectus muscle and it was possible to bracket one or 
more of these between two closely approximating amounts of acetylcholine. The 
sensitivity of the rectus preparation under the conditions used was such that it 
woul d regularly dete et.as little as 0.02 ^g. of acetylcholine in th e 4 ml. bath ; it would 
detecTdifferencesof the same order, so that estimations of acetylcholine content 
could be made with an error o f not more than 10 per cent . Results are expressed as 
Mg. acetyl choline chloride per gm. fresh brain tissu e. 

RESULTS 

Preliminary Experiments. The substance present in brain extracts which causes 
contraction of the frog rectus muscle was' shown to have the properties of acetyl- 
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choline in that: a) it -was destroyed by heating with alkali at pK it, o for i minute; 

b) it was destroyed by incubating with cholinesterase prepared from red blood cells; 

c) it caused contraction of the leech muscle; and d) it produced a fall in the blood pres- 
sure, abolished by atropine, in the cat. 

In a series of preliminary experiments, which are described in brief, the brain 
acetylcholine content of rats of 40 to 50 gm. w'as estimated with the leech muscle 
preparation. The acetylcholine was extracted with buffered saline {method i) and 
assayed in the usual manner against a standard solution of acetylcholine in saline. In 
a further series of experiments carried out in collaboration with Dr. F. C. Macintosh 
and Dr. R. M. C. Dawson the acetylcholine in extracts prepared with trichloracetic 
acid (method 2) was estimated with the cat blood pressure preparation. Substances 
other than acetylcholine in the brain extracts tended to interfere with the acetyl- 
choline response and, as in these preliminary experiments the animals taken during 


Tabce I. Variation in acetylcholine content of rat brain 


METHOD OE 
ESTIMATION 

AlvESTHZSlA 

EIXEP 

1 KOSiUL 

\ EXaTED 

i 

1 COSWLStOMS 


PS/CT£. 

H/m- 


ftS/irs- 

ps/m- 

Leech muscle 

I 2.9 

\ 2.22 

1.9 

1.4 

1.7 


2.4 

2.6 

1.6 

I-S 

1. 1 


2.8 

2.3 

1-3 

1.6 

1. 1 




1.4 


i.S 

Mean 

2.7 i 

1 

2.4 

1-55 


1.4 

Cat blood pres- 

2.8 


1-7 

1 

2.0 

1.6 

sure 

2-3 


2-5 

2.1 

1.4 


2.2 


1.8 

1.9 

I-S 




2.4 

^•5 





i-S 



Mean 

2.5 


2,0 

1.9 

I-S 


convulsions were transferred to liquid air during the first $ to 10 seconds of the 
convulsions, the maximum fall was missed; but by both methods of assay the relative 
acetylcholine values showed a general trend towards lower acetylcholine levels in 
states of greater activity (table i). The acetylcholine content for anesthetized animals 
was 70 to 100 per cent higher than for animals taken during convulsions. 

Normal Series. The acetylcholine content of the brains of 15 young rats of 20 to 
30 gm., determined by the frog rectus method, gave a mean value of 1.25 Atg/gm. 
fresh brain tissue, with a range of 0.9 to 2.0 /zg/gm. and S.D. of ± 0.29. This mean 
value was lower than some other figures given in the literature and lower than the 
mean for the preliminary experiments. Tiys may be due in part to the special pre- 
cautions taken to prevent the resynthesis of acetylcholine, which is rapid in nervous 
tissue (5), and in part to the use in these experiments of younger animals: it was 
shown by Welsh and Hyde (6) that the acetylcholine content of the rat brain increases 
with age. The method of assay which was used corrected for the presence of sub- 
stances in the brain extracts which sensitize the rectus muscle to acetylcholine and 
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wHch tend to give unduly Hgli figures for the acetylclioline content if they are not 
taken into account. The effect of such sensitizing substances varies with the particular 
brain extract and with the assay preparation, but it was found that under the con- 
ditions of these experiments the figure obtained for the acetylcholine content could 
be as much as 50 per cent above the true value if this source of error was ignored. 
Good agreement was obtained between the groups in animals in which the ace- 
tylcholine extraction was carried out by different methods (table 2). 

Animals in the normal series were brought into the laboratory some time before 
killing and kept in a warm place. After a few hours under these conditions they be- 


TABLE 2. ACEXyrCHOLTNE CONTENT OP RAT BRAIN IN DIPPERENT STATES OP ACTIVITY. PROG RECTOS 

METHOD 


EXTRACTANT 

ANESTKESIA 

StEET 

NORMAI. 

EXOTED 

ng 



Pg/sm. 

pj/gw. 

pg/gm. 

pg/gm. 

pg/gm. 

pg/gm. 

Buffered saline 

2.1 

1*5 

1-3 

0-95 


0.5s 


1.9 

1.3 

1.3 

0-75 


0.40 


1.6 

1.6 

1-3 

0.8s 







1.3 







I.O 







1.2 






■1 

1. 1 



Mean 

1.87 

1.47 

1.22 

0.99 

mu 

0.48 

Trichloracetic acid 

I-S 

1.4 

I.O 

o.go 


o-SS 


1.9 

1.8 

2.0 

0.85 


0.50 


1.8 

1-5 

1-5 

0-55 


0.60 


1.9 

I.O 

1.2 

0.53 

0.5s 

0.68 


1.4 


1.4 

0.80 

0.6s 

0.50 




0-95 

1-3 

0.30 





i-S 

0.95 

0.65 





I.O 

0.40 

0.65 





0.9 

0.60 

0.42 





1.2 

0.84 



Mean 

1-7 

1-43 

1.27 

0.82 

0.55 

0.57 

Overall mean 

1.76 

1-44 

1-25 

0.87 

0.5s 

0.56 


came quiet and they were transferred to liquid air while feedmg or while moving 
quietly in their cage. The liquid air was contained in a wide-mouthed beaker and 
usually they entered it without any sign of being frightened, but any animal which 
was felt to struggle before entering the vessel was discarded. These precautions may 
account for the small standard deviation found in these experiments. 

Ejects of Anesthesia a'ni Sleep. Eight animals lightly anesthetized with sodium 
pentobarbital gave a mean acetylcholine content of 1.76 iug/gm. (range 1.4-2.1: S.D. 
0.24) and 7 animals taken in the sleeping state gave, a mean of ,1.44 jug/gm. (range 
1.0-1.8: S.D. 0.25). Both of these values were higher than for normal animals and the 
differences were statistically significant (P <o.oi) ; they were also significantly differ- 
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ent, at the 0.05 level of probability, from one another. The result for anesthetized 
animals agrees with a previous report of Tobias, Lipton and Lepinat (7), who also 
found a higher brain acetylcholine content in anesthetized rats. The individual values 
obtained by them in both groups were somewhat higher than those obtained in the 
present series, but this may be due to differences in the experimental conditions and 
technique. 

Evwtional Exciiemcnt, Electrical Sliiittdalion and Convulsions. A. series of 17 rats, 
which had been excited for 4 minutes by the method of repeatedly removing their 
support, gave a mean brain acetylcholine content of 0.87 fig/ gm, (range 0,4-1 .3 ; S.D. 
0.26). This was significant!}’’ lower than the normal mean. Lower values were also 
obtained for further series of animals taken during electrical stimulation of the brain 



Fig. I. Sho-^ving EFfECT OF ELECTRICAL STiiTOiATiox and Subsequent con\'u\sions on the acetyl- 
choline content of the rat brain. Each point gives the mean value for 2 or more animals, the number 
of ■which is given alongside. Electrical stimulation was given for 3 sec. except for animals killed after 
a shorter period of stimulation. The latent period before the commencement of convulsions varied 
from 8 to 15 sec. for different animals. The values during and after con\*ulsions are therefore given 
on a separate time scale starting at the time when convulsions commenced. 

and during convulsions. The differences from the normal mean were significant in 
each group at the o.oi level of probability. The electrically stimulated animals, which 
were transferred to liquid air after passage of the electric current through scalp elec- 
trodes for 1 to 3 seconds, gave a mean acetylcholine content of 0.55 /ag/gm. with a 
range of 0.30 to 0.80 and S.D. 0.16. The electrical stimulation under these conditions 
caused an immediate generalized muscular spasm, followed by a period of coma 
lasting for about 10 seconds. Convulsions usually started then and continued for 
about 40 to 50 seconds. The convulsions gradually became intermittent and then, 
often after a period of hyperactivity, the animals became relatively quiet and inac- 
tive. Animals taken after the convulsions had continued for 40 to 50 seconds gave a 
mean brain acetylcholine content of 0.56 Mg/gm. with a range of 0.4 to 0.6S and S.D. 
0.09. 

Rate, of Loss and Resynthesis of Acelylcholine in the Brain In Vivo. In order to 
study the rate of the change in the brain acetylcholine level, groups of animals were 
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taken for examination at various times during and after electrical stimulation and 
during the convulsions ■which ensued. The results for 65 animals, which are given 
diagrammatically in figure i, showed that the sharp fall in the brain acetylcholine 
level during electrical stimulation was followed by a rapid rise. In animals taken after 
1 to 3 seconds of electrical stimulation there was a loss of over 50 per cent of the total 
brain acetylcholine content. The times given in figure i refer to the time when the 
anunal was transferred to liquid air. The transference, timed with a stop-watch, 
took 0.4 to 0.6 seconds. The time taken for the cortex of the brain to cool to 0° C., 
shown by means of a thermocouple, was approximately 4 seconds. A part of the acetyl- 
choline breakdown might have occurred during the few seconds of cooling, but the 
values obtained in the few seconds immediately after electrical stimulation showed a 
rapid return to the normal level, indicating that xmder these conditions resynthesis 
of acetylcholine was also rapid. Even if anoxia occurred, the brain would contain 
ample phosphocreatine and adenosine triphosphate to enable resynthesis of acetyl- 
choline to take place. It is therefore possible that resynthesis proceeded during the 4 
seconds of cooling, so that the acetylcholine content of the brain during electrical 
stimulation was actually lower than would appear from the figures obtained. From 
the slope of the resynthesis curve a rough estimate of the rate of acetylcholine 5301- 
thesis in the brain in vivo could be made: the calculated rate was 7 Mg/gni. fresh brain 
tissue/minute. 

The onset of convulsions was associated with a second fall in the acetylcholine 
content, which fell more gradually to 50 per cent of the normal value in 40 to 50 
seconds. After the convulsions were over, the acetylcholine level again began to rise, 
but at this stage some of the animab were in an excitable state and the return to 
normality in the brain acetylcholine level was more gradual than immediately after 
electrical stimulation, 

Cliromoiacryorliesis. It was noted that chromodacryorhesis (‘bloody tears’) oc- 
curred after electrical stimulation by scalp electrodes tmder the conditions described. 
Since it occurred only when the stimulation was sufficient to cause coma and not 
when the shock was insufficient to produce this effect, it should probably be attributed 
to the central stimulation rather than to a local action. The observation appears 
relevant since it is known that chromodacryorhesis is produced by injection of a small 
amount of acetylcholine (2.0 fig/kgO in the rat, and it has been regarded as an 
indicator of a release of acetylcholine into the general circulation (8). 

DISCUSSION 

Evidence is presented that the acetylcholine content of the rat brain, deter- 
mined after rapid fixation by freezing with liquid air, varies with the physiological 
state of the animal. The level was significantly raised in animals taken during anes- 
thesia and during sleep; it was significantly lowered in animals taken during emotional 
excitement, after electrical stimulation of the brain and during convulsions. The 
acetylcholine level thus appeared to vary inversely with the degree of functional ac- 
tivity of the brain. The observed changes were relatively large. Electrical stimulation 
for I to 3 seconds caused a loss of over 50 per cent of the whole brain acetylcholine. 
The level was raised in anesthesia 40 per cent above the normal value and more than 
300 per cent above that of animals taken during convulsions. Studies of the rate of 
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loss and resynthesis of acetylcholine in vivo showed that the changes were rapidly 
reversible. The rate of resynthesis after electrical stimulation was such that under 
these conditions the brain could synthesize approximately 7 Mg. acetylcholine per 
gm.j or more than five times the normal brain content, in one minute. The changes 
were shown by the use of specially rapid methods and the results do not therefore 
disagree with those of other investigators who have used less rapid techniques. 

These observations are clearly relevant to the problem of nervous transmission 
in the central nervous system. Various hypotheses of acetylcholine action have been 
discussed elsewhere and different aspects of the subject have been reviewed by Feld- 
berg (9), Eccles (xo), Naclrmansohn (ii) and Dale (12). It is known that the central 
synapses are highly sensitive to acetylcholine applied to the cerebral cortex, but there 
has been no direct evidence that acetylcholine is actively concerned in transmission 
in the central nervous system. The present work gives evidence tliat functional ac- 
tivity of the brain is associated with a fall in the total acetylcholine content. It gives 
no evidence of the mechanism involved, but it gives support to the view that nervous 
activity in the central netx’ous system involves the liberation and breakdown of 
acetylcholine. 

Besides the changes in the acetylcholine level, stimulation has pre\dously been 
shown to produce changes in the lactic acid and in other metabolites in the brain 
(1-3). The present observations on acetylcholine can be related to the other changes 
if it is assumed that the lactic acid formation corresponds to an increased utilization 
of carbohydrate required to supply energy for the resynthesis of acetylcholine during 
increased functional activity of the brain. Experiments in vilro suggest that the energy 
required for acetylcholine synthesis can be supplied through the mediation of the 
high-energy phosphate esters. In agreement with this view, the brain lactic acid level 
is low and the phosphocreatine is high during anesthesia, when acetylcholine synthesis 
may be expected to be minimal, while during electrical stimulation or convulsions the 
relations are reversed. 

Convulsions. Acetylcholine produces spike discharges when applied after eserine 
' to the cerebral cortex, and this has led to the suggestion that it may be specifically 
concerned in the mechanism of epileptic seizures (13). It was noted in the present 
experiments on electrically induced con\ail 5 ions that the convulsions did not start 
until the acetylcholine had returned, after the initial fall, to the normal value (fig. i). 
The convulsions also came to an end with the second fall in the acetylcholine level. 
This gave evidence that the two may be related and that an adequate acetylcholine 
level may be one of the requirements for con%Tilsive activity of this kind. Activity 
would appear to be depressed if the acetylcholine falls to too low a \’alue, as must 
happen if for any reason the rate of resjmthesis cannot keep pace with the rate of 
acetylcholine liberation and breakdown. This agrees wuth the recent W’ork of Hyde, 
Beckett and GeUhorn, who have shown that convulsive activitj’’ can be restarted, 
after it has come to an end, by the direct application of acetylcholine to the cerebral 
cortex (14). A similar explanation might be given to the increased frequency of sei- 
zures and of E.E.G. seizure patterns seen in epileptics during the earlier stages of 
anesthesia and in sleep, when the acetylcholine level may be expected to be high. 
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The observed changes in the acetylcholine level offer an explanation for some of 
the facts, but it is clear that other factors, apart from acetylcholine, would be needed 
to account for the occurrence of convulsions. The brain is apparently more irritable 
after electrical stimulation, for convulsions occur then when the acetylcholine level is 
no higher than normal. This abnormal irritability suggests the additional action of 
some otlier toxic factor and it may be relevant that ammonia, which is a powerful 
cerebral irritant, has been shown to be liberated in significant amounts by the action 
of convulsant drugs and electrical stimulation on the brain (3). The combined effects 
of acetylcholine and a toxic factor such as ammonia might offer a more satisfactory 
basis for interpreting the phenomena of convulsions. 

SUMMARY- 

The acet3dcholine content of the rat brain depends on the physiological state. " 
It is increased in sodium pentobarbital anesthesia and in sleep; it is reduced in emo- 
tional excitement, in electrical stimulation and in convulsions. It would thus appear 
to vary inversely with the degree of activity of the brain. The changes are relatively 
large: the acetylcholine level in anesthesia is 300 per cent above that in convulsions. 
The fall in the brain acetylcholine in electrical stimulation is a transient and rapidly 
reversible effect. The rate of res3mthesis of acetylcholine in the brain in vivo after 
electrical stimulation is of the order of 7 pg. acetylcholine per gram per minute under 
these conditions. 
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INFLUENCE OF DESOXYCORTICOSTERONE ACETATE 
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I T HAS often been stated that the corticosteroid hormones belong to tw’o groups, 
one influencing carbohydrate metabolism, the other electrolyte metabolism. 
The representative of the first group is corticosterone; that of the second, 
deso.Tj'^corticosterone. It is often stated, especially in clinical literature, that only the 
ii-oxy-corticosteroids have an influence on carbohydrate metabolism (1-4). This 
has been contradicted b}’’ Verzar (5), who has claimed since 1940 that the main 
difference would not be one of quality but rather of velocity, desoxycorticosterone 
acting slower. 

Grollman (6) writes: “Desoxycorticostcronc fails to remedy the defect in carbohydrate me- 
tabolism observed in adrenal cortical insulEciency ” And “Desoxjxorticosterone and its 17- 

hydroxy-derivative fail to affect either the carbohydrate metabolism or the working capadtj", 
v/hereas the corticosterone compounds exert. . . Ingle and Kuizenga (7) wrote in 1045, “n-des- 
oxycorticosterone influences the carbohydrate metabolism of adrenalcctomizcd animals in at least 
trvo different ways. First, . , . tends to restore normality to the circulator^’’ mechanisms . . . ; second, 
... is weakly active in stimulating the formation of carbohydrate from non-carbohydrate sources. . . ” 
Ingle (8) in his review of 1945 noted, “But it has been established beyond reasonable doubt 
that the compound ii-desoxycorticosterone is deficient in its abilitj’ to stimulate the formation of 
new carboh3'drate from non-carbohydrate sources”. It was said by Olson cl at. (9) and often repeated 
by others that “There is now a wealth of evidence to indicate that neither those steroids which are 
not ketonic at Cj and or, / 5 -unsaturated in Ring A nor those wliich are without an o.xygen substit- 
uent at Cii have any influence upon carbohydrate and protein metabolism in either the intact or 
adrenalectomized animal.” 

In the present paper it is show'ii that deso.xycorticosterone, if given in daily doses 
which keep adrenalectomized rats in a healtliy state, has an action on glycogen for- 
mation and keeps normal values of liver and musde glycogen. Nothing will be said 
about short-term experiments like those of Ingle (3) and Olson (4) el al., where un- 
doubtedty ii-desoxycorticosterones were inferior in their action, which will be an- 
alyzed later. 

Three different types of feeding experiments on normal and adrenalectomized 
animals were used: a) carbohydrate rich, but protein and fat containing diet; h) 
forced feeding of glucose by stomach tube to staiv^ed animals; c) protein diet. Des- 
oxycorticosterone acetate was given i.m. in oily solution.® 

Received for publication May 16, 1949. 

^ Stipendiat of the Swiss-Hungarian Foundation for 1946-1947. 

- Fellow of the Chinese Government scholarship, assistant of the Institute of Physiology of 
Tung-Chi University, Shanghai. 

s We thank Ciba, Basel, for the necessary quantities of Percorten. 
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METHODS 

Male rats of 70 to i6o gm. were adrenalectomized. Animals of the same age and 
weight were kept as controls. All were fed with the usual stock diet. Food was given 
twice daily at 9 a.m. and at 4 p.m. They were weighed before the afternoon feeding 
and part received i.m. injections of deso^corticosterone acetate. 

The animals were pithed and then bled from the carotids. One hundred to 300 
mg. of liver and 300 to 500 mg. of trunk muscles were quickly weighed on a torsion 
balance and plotted in centrifuge tubes with 2 cc. boiling 20 per cent NaOH. Two and 
a half to 3 minutes for liver and 4 to 5 minutes for muscle elapsed from tlie death of 
the animals; this time was carefull)’’ kept. 

The tissues were totally dissolved iu the NaOH and then 3 cc. hot concentrated ethyl .alcohol 
(96%) -was added and mixed. Glycogen was precipitated in 30 minutes in the ice chest and then 
centrifuged. The precipitate was dissolved in i cc. hot i per cent NaCl, again precipitated with 2 
cc. concentrated ethyl alcohol and again left for 30 minutes in the ice chest, centrifuged, washed with 
2 cc. concentrated ethyl alcohol and then dried on a water-bath. The precipitate of glycogen was 
hydrolyzed with 4 cc. 2 n HjSO^ in boiling water for hours, tlien made slightl)' .alkaline with 5 cc. 
2 N NajCOs, transferred in 30 cc. bottles, filled with distilled water and in an aliquot part sugar es- 
timated by Hagedorn-Jensen’s method. 

Glycogen is given in the tables as grams of glucose per 100 gm. wet tissue weight. 

EXPERIMENTAL RESULTS 

Animals on Mixed (Stock) Diet 

Series I A and B. In the first series, 17 adrenalectomized animals (series I A) 
on a mixed diet were injected with desoxycorticosterone. On the first 3 days 2 mg., 
later i mg., daily was given i.m. (The first injection was given just after adrenalec- 
tomy.) No injection was given on the day of estimation and the food was taken away 
i| hours before. The animals were killed in groups 10, 14, 16, and 20 days after 
adrenalectomy. With each group an approximately equal number, altogether 17 
normal animals, was worked up for liver and muscle glycogen (series I B). 

All the adrenalectomized animals were kept alive by desoxycorticosterone 
acetate. During the injections they increased in weight as did the other animals of 
the control series. To prove the action of desoxycorticosterone 5 animals of this 
series were not injected after the 20th day. Their weight curve immediately turned 
down and with constant loss of weight the animals died after 15 to 17 days. They 
were typicaly adynamic before death. Table i shows the glycogen content of liver 
and muscles of these animals (I A), compared with normals. There is no difference 
between these groups, either in liver or muscle glycogen. 

Scries II A and B. Fourteen adrenalectomized animals were daily injected with 
desoxycorticosterone. On the first day after operation they received 2 mg. and on 
the following days i mg. daily. A second group of 15 adrenalectomized animals was 
not treated with desoxycorticosterone. All these animals were killed in groups 2 to 5 
days after adrenalectomy and their liver and muscle glycogen was estimated. Table 
1 gives the mean values. 

The mean values in table i are calculated from the values of the 2nd to 5th day, 
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from values of ii untreated and 10 treated adrenalectomized animals. They show 
clearly the deaease of liver and muscle gl3mogen without treatment and the total 
normal values with treatment. 

It is dear that after adrenalectomy in the untreated animals liver glycogen drops 
down, as is well known, in i to 5 days to very low values. In desoxycorticosterone- 
treated animals glycogen is mostly low on the first, but alreadj'- normal on the 2nd 
and 5th day, since the first injection was given directly after the adrenalectomy. 
Desoxy corticosterone had little or no action on the first day of application but a 
complete action on glycogen later. 


Table i. Mean values of lu'er and muscle glycogen in normally fed animals 




•LSVZZ CLVCOCEN 

MUSCIX CLVCOCZK 

SEEIES 

CROtn* 

No. of 
Animals 

Per cent 

No. of 
Animals 

Per Cent 

I A 

Adrenalectomized -}- DCA 10-20 
days after adrenalectomy 

IS 

4.8ifco.4 

17 

o.3So±o.22 

I B 

Normal controls 

18 

4.8±o.3 

17 

o.4iS±0.27 

n A 

Adrenalectomized, untreated, 2-5 
days after adrenalectomy 

II 

i.S±o .4 

II 

0.340^0.33 

n B 

Adrenalectomized + DCA 2-5 
days after adrenalectomy 

10 

4.7±o.6 

10 

o.440dto.2i 


DiSerences between 

P for liver 

I B and n ^ 

<0.01 

I B and n B 

0.8-0. 9 

I Band 1.4 


n A and II B 

<0.01 


P for musde 


0.05-0.1 
0.4-0. 5 


0.3-0. 4 


0.01-0.02 


Glwose Force-Fed Animals 

In this and the next series the animals, which were kept on the mixed diet, were 
fasted for 24 hours and then were given bj' stomach tube 2 cc. 50 per cent glucose. 
Three hours later the animals were killed and glycogen estimated. 

Series III A and B. Six normal animals were compared with 6 adrenalectomized 
animals on the 28th day after adrenalectomy after daily treatment with deso^- 
corticosterone in the same way as in the first series. Table 2 shows that in normal 
animals liver glycogen had recovered to 1.3 per cent, while in adrenalectomized 
animals it had reached 1.7 per cent. Muscle glycogen was 0.410 per cent in the nor- 
mals and 0.475 psr cent in the adrenalectomized. Thus no difference between the two 
groups was present. 

Series IV A and B. Four adrenalectomized ariimals were treated from the first 
day after adrenalectomy with desoxycorticosterone acetate in the same way as above. 
The animals were fasted 24 hours, and then were given 2 cc. 50 per cent glucose by 
stomach tube 3 hours before used. They were killed on the ist or 2nd day. Five more 
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adrenalectomized animals were untreated and killed together with the former. 
The result is shown in table 2. Deso}grcorticosterone restored the ability to form 
liver glycogen in the adrenalectomized animals by the first day after adrenalectomy. 
Muscle glycogen seemed not quite restored on the second day, 

Protein-Fed Animals 

The possibility has often been suggested that the adrenal cortical hormones 
influence glucose formation from proteins. In the following espieriments we compared 
normal and adrenalectomized animals on a protein diet, which was prepared in the 
following way: Lean beef was cooked in water, finely minced through a meat grinder 
and cooked once again. Twenty gm. was fed daily to each rat but was not totally 


TABm-z. Mean vatues of liver and muscle glycogen in 24-HouR starved, glucose force-fed 

ANIMALS 


SEEIES 

1 

GEOUP 

LtVER GLYCOGEK 

MUSCLE GLYCOGEN 

No, of 
Animals 

! 

Per cent | 

! 

No. of 
Animals 

Per Cent 

m A 

Normal controls 

6 

i 

i.3±o.i8 

1 

6 

. t 

o,4iodb0,4O 

ni B 

Adrenalectomized + DCA 28 
days after adrenalectomy 

6 

i.7dbo.i8 

6 

o. 475 rt:o .25 

IV A 

Adrenalectomized •+• DCA 1-2 
days after adrenalectomy 

4 

z.8±o.23 

4 

o.38o±o.o8 

IV B 

Adrenalectomized, imtreated, 1-2 
days after adrenalectomy 

5 

0,4±0.22 

5 

o.28odbo.o7 


Differences between 


in .4 andlHiB 
rVRand IVX 


P for liver 

P for muscle 

0. 1-0.2 

0.1-0, 2 

<0.01 

0. 7-0.8 


consumed. Vitamins Bi and B2 and A and D in the form of cod liver oil were added 
to the daily dose. 

Groups of normal and adrenalectomized animals were killed on the same days, 
and estimations of glycogen in liver and muscle were made. 

Series V A. Seven normal rats (of 150-200 gm.) were fed with the meat diet 20 
to 24 days. All had decreased in weight from the beginning of the pure meat feeding 
by 19 to 41 gm., but were in good health. They showed very poor or no fat reserves. 
They were killed 20, 22 and 24 days after the feeding began. Their livers had a 
glycogen content of 3.543 gm. per cent, their muscles 0.514 gm. per cent. 

Series V B. Fourteen rats were kept for one week on pure meat, diet and then 
adrenalectomized. They were not treated with hormone and were killed on the 3rd 
to 9th day after adrenalectomy, when their body weight had declined from the day 
of adrenalectomy by 4 to 69 gm. and adynamia was present. The liver glycogen was 
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extremely low. The mean value was o.oSi gm, per cent. Muscle glycogen had also 
much decreased to 0.140 gm. per cent mean value. 

Series V C. Twenty-three adrenalectbmized animals, treated i.m. with 2 mg. 
desoxycorticosterone acetate daily, were used between tlie 3rd and 13th day after 
adrenalectomy. Fifteen animals were fed on a pure meat diet 3, 7 and 10 day^ before 
the adrenalectomy and then again after it. In 8 animals meat was fed 14 days before 
the adrenalectomy, and from then on. All animals were treated with 2 mg. desoxycor- 
ticosterone daily. The glycogen content of the liver showed a mean value of 0.890 
gm. per cent. In 10 of these 23 animals the value was above i.x gm. per cent. In 9 
cases, however, it was under 0.4 gm. per cent, but three times under 0.2 gm. per 
cent, as in untreated animals. Their muscle gly'cogen was 0.480 gm. per cent mean 
value. 

There is no doubt that the majority of dcsoxycorticosterone-treated animals 
could produce glycogen from protein since their liver glycogen was much higher than 
that of untreated animals. In half of the cases it reached about half the value of 
normals. 

Series VI A and VI B. Since, however, no explanation could be given for the low 
values in about half of the former series, more e.xperiments were done on these lines. 
The desoxycorticosterone-treated animals had lost considerable weight in this last 
series. It was thought that they were not in an optimal state of compensation with 2 
mg. desoxycorticosterone daily. Further e.\periments were being made therefore 
with 3 mg. desoxycorticosterone daily. In this series the adrenalectomized animals 
did not lose weight. 

Eight normal controls {scries VI A) were always taken togetlier with the adren- 
alectomized animals, so that they were for the same lime interx^al on the meat diet. 
Thirteen adrenalectomized animals (Series VI B) at the time of adrenalectomy had 
been on the meat diet for 6 days. They were killed on the 5th (2), 6th (3), 9th (4) and 
loth (4) day after adrenalectomy.The normal controls had a liver glycogen mean 
value of 3.57s per cent and a muscle glycogen of 0.848 per cent. Animals treated daily 
with 3 mg. DCA had a liver glycogen mean value of 2.277 cent with muscle 
glycogen 0.820 per cent. Table 3 shows all the results of the protein feeding e.xperi- 
ments. 

From these results it seems to be quite certain that desox3’’corticosterone-treated 
animals on 3 mg/day can produce glycogen from protein. It is questionable whether 
the difference of the glycogen content of the liver between the normal controls of 
series VI A and deso.xycorticosterone-treated adrenalectomized animals {scries VI 
•®)> 3*5 per cent and 2.3 per cent respectively, means an insufficient activity of 3 mg. 
desoxycorticosterone as in animals with 2 mg/day deso.xj’^corticosterone. However 
muscle glycogen shows no such differences. 

It is certain that 2 mg. desoxycorticosterone daily did not replace the adrenal 
function completely. 'While glycogen was produced from protein, this was certainly 
possible only in a much smaller degree. This is a striking difference to the glycogen 
production on a carboh3'^drate diet or glucose-forced feeding. Three mg/day however 
was sufficient for muscle glycogen, and nearly sufficient for liver glycogen production 
to become normal. 
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DISCUSSION 

Three different types of experimental procedure were used. In the first v^^e kept 
normal and adrenalectomized rats on a mixed diet, the usual stock diet. Normal 
adrenalectomized untreated and desoxycorticosterone-treated rats were compared. 
Liver and muscle glycogen was analyzed when the latter were kept alive for various 
lengths of time. There was no difference between the liver and muscle glycogen of 
normal and desoxycorticosterone-treated adrenalectomized rats. 

In another type of experiment the rats were kept on the same stock diet, were 
fasted for 24 hours and then force-fed with i gm. glucose; 3 hours later glycogen 


Tabue 3. Mean values of liver and muscle glvcogen in pure peoxein-fed animals 


1 

SESIES 

GROUP 

IIVER GLYCOGEN 

UtrSCIX GLYCOGEN 

No. of 
Animals 

Per Cent 

No. of 
Animals 

Per Cent 

V A 

Normal controls 

7 

3*S43±o-46 

7 

o.si 4 ±o .03 

V B 

Adrenalectomized untreated 

14 

o.o8i±o.oi6 

14 

o.i4odbo.oi8 

V C 

Adrenalectomized treated ■with 2 
mg. DCA 

23 

o.Sgoio.iss 

23 

0.480^=0.033 

VI A 

Normal controls 

8 

1 

1 

3.S75±o.4o 

8 

o,848dto.o6o 

VI B 

Adrenalectomized treated with 3 
mg. DCA 

13 

2.277±o.i8 

13 

o.82o±o.033 


Differences between 

P for liver 

P for muscle 

V A and V B 

<0.01 

<0.01 

V A and V C 

<0.01 

>0.9 

V S and V C 

<0.01 

<0.01 

^ and VI S 

<0.01 

0.6-0. 7 


was estimated. Again there was no difference between normal and adrenalectomized, 
desoxycorticosterone-treated animals, while imtreated animals had very low values. 

The third tj-pe of experiment was done on animals on a meat (i.e., practically 
pure protem) diet. It was noticed that in these experiments 3 mg. of desosymorticos- 
terone had to be given daily to keep the animals in such a normal state that liver 
glycogen was nearly and muscle glycogen quite equal to that of the normals. It 
seems possible that the usual doses of desoiycorticosterone to keep adrenalectomized 
animals alive on a stock diet are not equal to those which are needed for animals on a 
pure meat (protein) diet. There seems to be reason to believe that especially high 
hormone doses are needed for the latter. 

Thus desoxycorticosterone restores glycogen production to normal from carbo- 
h5"drate or protein in liver and muscles of adrenalectomized animals which are kept 
alive for some time. 
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All of tliese experiments were made on animals which were treated for 2 to 28 
days with desoxycorticosterone. Nothing is said about the possibility of influencing 
glycogen production in a shorter period. The reason for these experiments was to show 
that desoxycorticosterone has a strong glycogenetic action if given continually. It 
brings liver and muscle glycogen to normal. 

SXJilMARY 

Desoxj'^corticosterone-treated rats are able to restore liver and muscle glycogen 
after several days to normal values. This was found to be true with rats on a mixed 
diet, or starved and then glucose force-fed, or on a protein diet. 
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COMPARISON BETWEEN GLYCOGENETIC PROPERTY OF 
DESOXYCORTICOSTERONE, 11-DEHYDRO-17-HYDROXY- 
CORTICOSTERONE (COMPOUND E) AND ADRENAL 

CORTICAL EXTRACT 

F. C. WANG» AND F. VERZAR 
From the PhyUological Laboratory of the Vniversily of Basel 

BASEL, SWITZERLAND 

I N THE preceding paper (i) it was shown that desoxycorticosterone acetate 
(DCA) has a glycogenetic effect in animals, which are kept alive ivith this 
cortical steroid. This paper demonstrates the difference between this formerly so 
called ‘salthormone’ and a t3T3ical ‘carbohydrate hormone,’ ir-dehydro- 17-hydroxy- 
corticosterone (Compound E), which has recently been available to us in large 
enough quantities.’ Analytical methods were the same as in the former paper (i). 
All animals were kept on the pure protein diet described there, consisting of cooked 
meat with the necessary vitamins added. Male rats of 130 to 180 gm. were used. 

EXPERIMENTS 

Experiments with Compound E and DCA. Series I was done on 33 rats (table i). 
The animals were adrenalectomized after 13 to 14 days on the protein diet. Adrenal- 
ectomized animals, if they survived 4 to 7 days without treatment, had extremely 
low liver and muscle glycogen values. If they were treated for 7 to 14 days after the 
adrenalectomy wdth 2 mg, DCA or 2 mg. Compound E daily, when all animals were 
healthy and lively, liver glycogen was 2,26 gm. per cent in the DCA and 3.57 gm. 
per cent in the E group. There was no difference in muscle gtycogen. 

Normal animals were killed together with the former. They w^ere on the protein 
diet the same length of time. The liver glycogen was 1.97 gm. per cent and the muscle 
glycogen 0.49 gm. per cent. 

In series II we used 25 animals (table 2). They were kept on the protein diet 3 
days before adrenalectomy. The normal animals were kept as long on this diet as 
the adrenalectomized. The}'- had a liver glycogen value of 1,9 gm. per cent. 

After adrenalectomy and a daily treatment of 4 mg. DCA after 5 to 16 days, 
we found 1.2 gm, per cent liver glycogen. However, only i mg/day of Compound E 
gave 1.9 gm. per cent liver glycogen. 

All our data on animals on protein diet after prolonged treatment have been 
collected in table 3. 

Received for publication May i6, 1949. 

1 Chinese Government scholarship; assistant of the Institute of Physiology of Tung-Chi Uni- 
versity, Shanghai. 

'We wish to thank Ciba A. G., Basle, for the desoxycorticosterone-acetate; Merck & Co., 
Rahway, for Compound E and Upjohn Co., Kalamazoo, for the adrenal cortical extract, for these 
experiments. 
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From tliese experiments on 77 adrenalectomized animals kept alive for 5 to 16 
days after the adrenalectomy with corticosteroids, it seems that while DCA can 
produce normal liver and muscle glycogen values in doses of 2 to 3 mg/day, Com- 
pound E is somewhat superior to it. Thus in scries I 2 mg/day DCA produced 2.2 
and Compound E 3.6 per cent liver glycogen. In series II i mg. Compound E daily 
produced more liver glycogen than 4 mg. DCA (but 4 mg. DCA did not produce more 
than 2 mg. DCA in the other series). Muscle glycogen showed no difference. 


Table i. Glycogen content of lwer and xiuscle, per cent wet xrerenr 


DAYS 

ATTER 

‘a’ TREATED , '2 MC/DAY 

DCA TREATED, 2 Mg/DAY 

UNTREATED 

mmmgl 

ECXOilV 

Liver 

JIuscle 

Liver 

Muscle 

Liver 

^^uscIe 

' Liver 

Muscle 

4 





O.IO 

1 

0,16 

[ 

1 

5 





O.IO 

0,18 

i 

1 

i 

6 





O.IO 

0.15 



7 

1.90 

0.50 

3-90 

0.77 

0.10 

o.is 

3.00 

0.59 


1.60 

0.65 

4-30 

0.65 

O.IO 

0.12 



9 

6.80 

0.85 

1. 10 

0,66 



I.IO 

•ss 


3«40 

0.68 

0.75 

0.45 






4.20 

0.60 







II 

3-50 

0.36 

0.30 

0.21 



1.90 

0.26 


3-50 

0.48 

1.30 

0.36 






4.10 

0.44 







12 

3-50 

0-59 

4.30 

0.79 



3.00 

0.45 



0 -S 4 

1.70 

0.67 





^3 



2.30 

0.60 





14 


0-59 

2.60 

0.61 



1.90 

0.58 




i 


i 

1 


I.IO 

0.48 





i 



1.80 

0.54 

Mean 

3 . 57 i: 0 .i 6 

o.s 7 ±o .04 

2 . 26 ±o .47 

o.s8±o.o6 

o.io' 

o,is±o.oo 

i. 97 dbo .30 

o.49±o.26 

values 









No. of 

II 

10 


S 

7 

ani- 









mals 










1 dbo.05 as limit of error of estimation. 


Experiments unlh Adrenal Cortical Extlracl {Upjohn). In series III, 10 protein-fed 
animals were treated after adrenalectomy with 0.5 cc. extract injected daily i.m. 
Three animals died. Seven surviving animals showed between the 7th and nth day 
the following very low mean values: liver glycogen 0.15 gm. per cent, muscle glycogen 
0.26 gm. per cent. 

In scries IV, 6 protein-fed animals were adrenalectomized after 4 days on the 
diet. They were then treated daily with 2 cc. extract i.m. for 10 days. The extract 
was injected once daily. Glycogen analyses were made 24 hours after the last injec- 
tion. Parallel animals were untreated, or treated with 2 mg. DCA/day. The results 
are shown in table 4. 
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Table 2. Glycogen conient oe liver and muscle, per cent IiVex weight 


DAYS AFTER 
ADEENAIECTOUY 

■e’ treated, 1 ug/dav 

DCA TREATED, 4 MG/DAY 

NORilAIr CONXEOLS 

Liver 

. ... 

Musde 

Liver 

Muscle 

Liver 

Muscle 

5 

1.40 

0.58 

0.44 

0.41 

2,20 

0.66 


1.20 

to 

d 

0.30 

0.40 



7 

2,70 

0.43 

1. 00 

0.55 

1.60 

0.50 


3-10 

0.41 

2.70 

0.47 



13 

2.90 

0.63 

EM 

0,50 

0.79 

0,52 


0.97 

0.43 

mggm 

0.23 



14 

1. 00 

0.56 

O.S 5 

0.82 

2.30 

0.58 


0.73 

0.64 

1.50 

0.80 



16 

2.50 

p 

00 

2.80 

0.71 

2.70 

0.41 


2.10 

0.49 

2.30 

0.70 



Mean values 

i.90ri:0.28 

o. 49 ±o.o 3 

i. 20 ±o .33 

o.s 6 ±o.o 6 



No. of ani« 

10 

10 

5 


mals 








Table 3. Glycogen content or liver and muscle, per cent wet weight 


SERIES 

1 

TREATMENT 

DAYS 

GLYCOGEN CONTENT 

Liver Muscle 

1 

NO. OF ANIMALS 

V G 

DCA 


£m. 

o, 89 dbo.lS 5 

■ % 

o.48±o.o33 

23 

I 

2 mg/day 
2 


2 . 26 ±o .47 

o.s 8 ±o.o 6 

10 

VI 

3 


2 . 28 ±o.oi 8 

o. 82 ±o .033 

n 

n 1 

4 


i. 20 ±o .33 

o. 56 ±o.o 6 

10 

n 

E I 

16 

i. 9 o±o .28 

o. 49 ±o .03 

10 

I 

2 

14 

3.57±o.i6 

o.S 7 ±o.o 4 

II 


^ See the former paper (i). 


Table 4, Glycogen content of liver and muscle, per cent wet weight 


DAYS AITEE 
AimENAlXCTOMY 

1 

treatment 

glycogen content 

Liver Muscle 

1 

1 

10 

Untreated j 

% 

0.15 0.49 

10 

Untreated 

O.IO 

0.20 

10 ! 

2 cc. untreated extract , 

0.18 

0.63 

10 

2 cc. untreated extract 

0.16. 

0,56 

10 

2 mg. DCA 

1.30 

0.76 

10 1 

2 mg. DCA 

1.30 

0.78 
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Thus we were unable to keep the glycogen content of the liver even fairly normal 
with 0.5, or 2.0 cc. extract/day, while in parallel experiments DCA gave the usual 
normal (or nearly normal) glycogen values in the liver. In muscles 2 cc. of the extract 
gave relatively high glycogen values, which, however, still were lower than with 
desoxycorticosterone. 

Short-time Experivients. Since it is known from the experiments of Reinecke and 
Kendall (2), Olsen (3) and Ingle (4) that in experiments of a few hours’ duration the 


Table 5. Glycogen content or liver and muscle, per cent wet weight 


HOURS ASTER 
IKJECnOi? 

DCA 2 MO. GLYCOGEN CONTEKT 
Liver Muscle 

*e’ 2 MO. CLVCOOEN COSTEOT 
Liver Muscle 

EXTEACr 3 CC. CLVCOCEN COSTENI 
Liver Sluscle 

1 


gm. 

% 


% 

Sn. 


6 

0.68 

0.56 

1.80 

0.86 

0.14 

! 0,37 


O.IO 

0.48 

1.70 

0.64 

O.II 

0,2s 


O.IO 

0.36 






0.20 

0.38 






0.12 

0.41 





12 

o.So 

0.43 

0.74 

0.52 

1.90 

0.39 


1.40 

0.7s 

3.60 

0.8s 

0.66 

0.23 


i.So 

0.41 

4.90 

0.75 




0.84 

0.25 





24 

0.75 

0.9s 

4.10 

CO 

6 

0.20 

0.32 


0.20 

0.41 

4.50 

0,87 

0.34 

0.37 


0.41 

0.38 

6.00 

0.83 




0.50 

0.65 

1.90 

o.SS 




0.64 

0.43 






1.60 

0.59 






1.20 

0,66 





48 

O.IO 

0.41 

0.55 

0.60 




0.12 

0.66 

1. 10 

0.64 



72 

O.IO 

0.39 

0.30 

0.45 




0.30 

0,46 

0.50 

0.47 






0.52 

0.43 






2,00 

0.39 




so-called ‘carbohydrate hormones’ show much higher glycogenetic capacity, we made 
experiments of much shorter duration. 

The animals were fed one week on the protein diet, then adrenalectomized and 
kept alive with daily injections of 2 mg/day DCA, during 6 days. On the 7th day 
they did not receive DCA. Before they were fed on the 8th day at 9 a.m. they were 
injected with either DCA (2 mg.), Compound E (2 mg.) or cortical extract (3 cc.). 
Some animals were killed after 6 hours, other at 12, 24, 48, or 72 hours later. The 
results of 41 experiments are shown in table 5. 
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DISCUSSION 

From the above it can be confirmed that Compound E (ii-dehydro-i 7-hydroxy- 
corticosterone) has a definitely stronger action on carbohydrate metabolism in 
protein-fed animals than desoxycorticosterone in the short experiments. Desoxycor- 
ticosterone had no effect after 6 hours, while Compoimd E by this time gave high 
liver a-nd muscle glycogen values. After 12 to 24 hours with DCA, 1.2 to 1.6 gm. per 
cent liver glycogen was reached, while with Compound E values more than three 
times as high (3. 6-6.0 gm. per cent glycogen) were seen. After 48 hours the DCA 





Fig. I. Liver-glvcogen after single injection and after continuous treatment with DCA or 
Compound E. In the left part the liver glycogen content at the intervals of 6, 12, 24, 48 and 72 hours 
after a single injection of Compound E or DCA is plotted (table 5). In therightpart the columnsgive 
liver glycogen middle values of DCA and E in long-term experiments of 3 to 16 days’ duration from 

all experimentsof table3 and normal controlsfrom table i and 2 together. DCA 2 mg. single 

injection, — .. — .. — , E 2 mg. single injection. N, normalj controls. D, DCA 2 to 4 mg/day 
during 3 to 16 days; Ei, Compound E i mg/dayduring 3 to 16 days. Ej, Compound E 2 mg/ 
day during 3 to 16 days. 

effect had totally disappeared, but with Compound E some small activity was still 
recognizable. 

The difference between DCA and Compound E was, however, smaller in experi- 
ments with daily treatment over a longer period of 7 to 15 days. Then desoxy cor- 
ticosterone-treated animals also showed high values of liver and muscle glycogen. 
The number of animals which we treated was not large enough to give a more quanti- 
tative comparison in such experiments of long diuration. However, a relation of i 
to 2 in favor of Compound E is probable. The mean value of the DCA-treated ani- 
mals reached the glycogen content of normal protein-fed rats. 
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Thus the action of Compound E is especially quick and strong compared with 
DCA if used in single doses. It is much less different in chronic experiments. It has 
been supposed for several years (5, 6) that the difference between the action of the 
two groups of steroids with regard to the carbohydrate metabolism is not qualitative 
but mainly quantitative. Compound E has a quick and strong action on glycogen 
formation. DCA acts much slower and therefore less after a single injection. But it 
brings glycogen production to about normal values if given in daily repeated doses 
(see fig. i). We have not studied the relation of these two steroids in animals on a 
carbohydrate diet as yet.® 

Adrenal cortical extract in quantities of 2 cc/day, injected intramuscularly, 
showed in chronic experiments of 10 days’ duration and short-time experiments of 
6, 12 or 24 hours’ duration, less activity than 2 mg. DCA. We had not enough ma- 
terial to test greater doses. 

It is shown, however, in the former and present papers, that especially in long- 
term experiments the difference in glycogen production between a so-called ‘elec- 
trol3d:e hormone’ (as DCA) and a ‘carbohydrate hormone’ (as Compound E) is not a 
qualitative one, but a quantitative one only. 

SUMMARY 

The action of ii-dehydro-17-hydroxycorticosterone (Compound E), deso^cor- 
ticosterone (DCA) and adrenal cortical extract upon glycogen formation in liver 
and muscle of adrenalectomized rats on a pure protein diet has been tested. Com- 
pound E has a much stronger and more rapid effect than DCA in short-time experi- 
ments. The difference is smaller in experiments with long periods of treatment, 
where desoxycorticosterone also brings the liver glycogen values of adrenalectomized 
rats to near normal. 
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INFLUENCE OF ESTROGENS ON THE ACUTE 
X-IRRADIATION SYNDROME 


H. M. PATT, R. L. STRAUBE, E. B. TYREE, M. N. SWIFT and D. E. SMITH 
From the Physiology Section, Division of Biology, Argonne National Laboratory 

CHICAGO, ILUNOIS 

I T HAS been reported that estradiol benzoate, administered in a single dose 9 to 
10 days prior to total-body x-irradiation, increases the resistance of male mice 
to the x-rays (1-3). On the other hand, injection of the estrogen on the day of 
irradiation appears to potentiate toxicity. The mechanism whereby pretreatment 
with an estrogen can alter the toxic effects of x-rays is unknown. Although many 
phases of the biologic response to ionizing radiations have been well defined experi- 
mentally, the factors contributing to radiosensitivity and the basis of radiation death 
still remain largely a matter for conjecture. It seemed important, therefore, to in- 
vestigate further this interesting phenomenon of estrogen protection against x-ra)^. 

METHODS 

Male and female CFi mice, weighing 20 to 25 grams and maintained on a diet of Derwood 
Checkers and water ai libitum, were used in these studies. Animals of the same sex were used in 
individual experiments. For the irradiation, mice were placed in individual cellulose acetate exposure 
cells and were given a total-body exposure in groups of 16. Equal numbers of controls and experi- 
mentals were irradiated in each exposure. The radiation factors were 200 kv., 15 ma., 0.5 mm. Cu 
and 3,0 mm. Bakelite filters, target distance 10.8 cm., dose rate 20 r per minute. Male mice received 
Soo r, females 550 r (measured in air). Several types of experiments were performed. These are con- 
sidered imder the following headings. 

InHuence of Time of Injection of Estradiol Benzoate on Survival after X-Irradiation. 
Estradiol benzoate (0.166 mg. in 0.1 cc. sesame oil per mouse I.M.) was given in a 
single injection at either 35, 25, 15, 10, 5, or 2 days before irradiation, or at the time 
of exposure or 2 days afterward. Irradiated controls for the above groups received in- 
jections of sesame oil (o.i cc. I.M.) at comparable times. 

Effect of Estradiol Bmzoate on Peripheral Blood Cowit and on Organ Weights. 
Blood sampling was accomplished by making a deep cut in the tail with a sharp razor 
blade and using a free flow of blood. Determinations on the peripheral blood included; 
total leucoc3d;e count, erythrocyte coimt, hemoglobin and a differential leucocyte 
count made on dry smears prepared with Wright’s stain. After the blood sample was 
obtained, the mice were weighed and killed with sodimn pentobarbital. The adrenals, 
spleen, thymus, inguinal lymph nodes and kidneys were removed, dissected free of 
fat and weighed on a torsion balance. Certain tissues were then prepared for micro- 
scopic examination. The histologic observations have not been completed. Animals 
in the different groups which were to be bled and killed at various intervak were 
distributed in random fashion among the different cages and levels of the mouse rack. 
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It was felt that this sampling procedure for obtaining the hematologic data would be 
superior to the frequent repeated bleeding of mice which would otherwise be neces- 
sary. Irradiated and nonirradiated mice pretreated with a smgle injection of estradiol 
benzoate were compared with similar mice receiving sesame oil. 

Importance of Adrenals for Protective Action of Estradiol Benzoate. Mice w'ere 
bilaterally adrenalectomized under sodium pentobarbital anesthesia 3 to 7 days prior 
to injection of estradiol benzoate or sesame oil. Part of the animals were irradiated 
10 days after injection of the latter materials, the remainder served as nonirradiated 
controls. All of the adrenalectomized mice were given i per cent sodium chloride in the 
drinking water. In addition, some of the mice received daily subcutaneous injections 
of 0.2 cc. aqueous adrenal cortical extract (Wilson). 


Table i. Ekfect upon survival rates of ..vltering the time of injection of alpha-estradiol 

BENZOATE (0.166 UG/MOUSE l.M.) RELATI'V'E TO X-IRRADUTION (500 r) OF CFI 

MALE MICE 


HUE or INJECTION 

EXIATIVE TO X. 
IMADIATION, DAYS 

ESTRADIOL 

SZSAUE OTL 

To sun-ival, weeks after irradiation 

1 

% sun-ival, weeks after irradiation 

Total no. 
of mice 

B 

2 1 

3 

4 ' 

Total no. i 
of mice 

B 

1 

2 

3 

4 

2 

32 

78 

9 

0 

1 

0 






0 

54 

S3 

20 

IS 

13 

39 

95 

46 

i 

31 

28 

— 2 

32 

97 

36 

22 

22 






-5 

54 

94 

67 

63 

61 

iS 

95 

61 

,33 

33 

— 10 

126 

88 

80 

So 

79 

211 

91 

39 

28 

28 

-IS 

29 

93 

81 

69 

69 

30 

77 

47 

44 

44 

-25 

26 

85 

45 

42 

42 

25 

t 96 

32 

32 

32 

-35 

21 

8S 

28 

19 

19 

29 

89 

14 

7 

7 


* Bold face figures are significantly different (P < .05) from the 4-vreek mean survival of the 
combmed sesame oil controls (28% of 352 mice). 


Specificity of the Estrogen Response. Benzestrol (0.5-1 mg/mouse I.M.), proges-' 
terone (0.1-0.2 mg. l.M.) alone or in combination with estradiol benzoate, and 
testosterone propionate (o.i-i.o mg. l.M.) were given to mice 10 da3rs before s- 
irradiation. Survival rates w^ere determined as a measure of sensitivity to the radia- 
tion. Estradiol benzoate was also administered to mice 10 days before injection of a 
nitrogen mustard — methyl (2, z'-dichloro) diethyl amine HCl, 3.5 /ng/gm. subcu- 
taneously — and toxicity compared with that of untreated controls. 

RESULTS 

Time of Injection of Estradiol Benzoate. Estradiol benzoate exerts its maximal 
protective influence when it is given 10 days before x-irradiation (28-day survival, 
79% estrogen treated; 28% control irradiated, P <<.ooi). Estrogen injection at 
5 and 15 days before exposure is also eSective while pretreatment at 2, 25 or. 35 days 
is apparently without influence on radiosensitivity. When estradiol is administered 
at the time of irradiation or 2 days after the exposure, toxicity to x-rays appears to 
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be enhanced, both in terms of absolute survival and of survival time. These findings 
are summarized in table i. 

Peripheral Blood Changes. The hematologic picture, following the single injection 
of estradiol benzoate, is characterized by a decrease in both the heterophils^ and 
lymphocytes (figs. 1-3)- Maximal depression occurs around 10 to 14 days after the 
injection. The heterophil change {p < .05) is more marked and appears to be some- 
what more consistent than the lymphocyte response which is of borderline statistical 
significance. The erythrocjde count is apparently not influenced appreciably by the 
estrogen (fig. 4). 

Although the total leucoc5d;e count is decreased to the same level in both the 
estrogen pretreated and sesame oil control groups after their x-irradiation, there is a 



Fig. 1. Eitect on total leucocyte count of a single injection of estrogen 10 days before 
s-irradiation •with 500 r. Each point represents the average count of 10 to 14 CFi male mice. 

rather consistent difference in the time course of the response, maximal depression 
and recovery occurring earlier in the former (fig. 1). The more rapid recovery of leuco- 
cytes in the irradiated mice which received a prior injection of estrogen appears to 
reside in the heterophil component (figs. 2 and 3). This difference in heterophil re- 
covery in the estrogen and control irradiated groups is significant at the 5 per cent 
level. Erythroc3d;es in the estrogen pretreated irradiated group are decreased by 
about 25 per cent 7 days after the exposure but normal values are seen at ii and 14 
days when the red count of the irradiated controls is reduced by 45 per cent (fig. 4). 
Similar changes are seen in blood hemoglobin. 

Organ Weights. Estradiol has no appreciable effect on the weight of the spleen, 
inguinal nodes or kidney but does increase adrenal weight and accelerate thymic in- 

^ The term heterophil is used to designate the poljTnorphonudear leucocyte homologous to the 
neutrophil in human blood. In the mouse the heterophU is stained •with add dyes. 
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volution (figs. 5 and 6). Adrenal weight is elevated by 35 to 40 per cent 4 days after 
estrogen administration and then slowly declines, reachmg the control level around 
35 days after injection. Radiation-induced involution of the spleen, thymus, and in- 
guinal nodes is not altered by pretreatment with estradiol. However, a somewhat 
greater increase in adrenal weight is seen in the estrogen-treated irradiated mice. 



DAYS AFTER X IRRADIATION {5000 

Fig. 2. Effect on heterophii, count of a single injection of estrogen 10 days before x-irradia- 
tion with 500 r. Each pomt represents the average count of 10 to 14 CFi male mice. 

I mporiance of Adrenals. Adrenalectomized mice given i per cent sodium chloride 
in the drinking water show a decreased survival time after x-irradiation, although 
final toxicity remains tmebanged. When such operated mice receive a daily adrenal 
cortical supplement in addition to sodium chloride, they exhibit a sensitivity to radia- 
tion which is identical with that of the unoperated controls. Estradiol benzoate ad- 
ministered to adrenalectomized mice maintained only with sodium chloride exerts 
some protective influence, but this is considerably less than that observed in the 
operated animals receiving an adrenal cortical supplement (table 2). Estradiol pro- 
tection in the latter is equivalent to that seen in mice with adrenals (fig. 7). 




November iq4q 


ESTROGENS AND X-RAY INJURY 


273 


Specificity of Estrogen Response. Preliminary experiments reveal that benzestrol, 
a S)mthetic estrogen, is effective in protecting male and. female mice against x-irradia- 
tion (table 3). Progesterone and testosterone, on the other hand, appear to be in- 



OAYS AFTER X IRRADIATION (SOOr) 

Fig. 3. Eitect on lymphocyte count of a single injection of estrogen 10 days before x-irradia- 
tion with 500 r. Each point represents the average count of 10 to 14. CFi male mice. 



Fig. 4. Ekfect on erythrocyte count of a single injection of estrogen 10 days before .^-irradia- 
tion with 500 r. Each point represents the average count of 10 to 14 CFi male mice. 

effectual. Combining progesterone with estradiol does not alter the ameliorating 
influence of the estrogen. These observations are summarized in table 4. Administra- 
tion of estradiol to mice 10 days before poisoning with a nitrogen mustard does not 
influence toxicity (table 5). 





274 


PATT ET AL. 


Volume I5P 


DISCUSSION 

Our findings confirm the earlier observation of Treadwell, Gardner and Lawrence 
(i) that pretreatment with estradiol benzoate improves the survi\’nl of male mice 
after lethal x-irradiation. It has been demonstrated further that the protective effect 
of estrogens occurs in female mice as well and that Benzestrol, a synthetic estrogen, 
but not progesterone and testosterone, is also effective. The time of injection of estro- 



DAYS AFTER X IRRADIATION (500r) 

Fig. $. ErrECT on organ weights of estrogen administration lo days before x-irradiation with 
500 r. Each point represents the average of values obtained on 5 to 7 CFi male mice. 

gen relative to the time of irradiation appears to be critical, for estradiol is most 
effective when it is given 10 days before the exposure. Estrogen injection 5 or 15 days 
before irradiation is also protective but administration at other intervals fails to in- 
crease survival and, indeed, may even potentiate toxicity. Although x-irradiation 
and nitrogen mustard intoxication are rather similar in man y respects, estradiol, in 
dosage sufficient to protect against x-raj^, does not influence smrvival after poisoning 
with a nitrogen mustard. 

Since it is known that th3miic involution and adrenal enlargement may occur 
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after estrogen administration (4, 5), the possibility was first considered that estradiol, 
perhaps through the intermediary of the adrenal cortex, rendered l)miphoid tissue 
more resistant to irradiation. However, the hematologic data which we have obtained 
reveal that the lymphocyte count, although depressed by the estrogen, responds to 
irradiation identically in the estrogen-treated and control-irradiated animals. More- 



OAYS AFTER X IRRADIATION (500r) 

Fig. 6. Efpect on organ weights of estrogen administration 10 days before x-irradiation, with 
500 r. Each point represents the average of values obtained on 5 to 7 CFi male mice. 


over, l)rmphoid tissues in the two groups exhibit the same involution after irradiation. 
Presence of the adrenals is clearly not essential for the estrogen protective action. It 
is of interest that significantly greater protection is obtained in adrenalectomized 
aniTriak receiving an adrenal cortical supplement in addition to sodium chloride than 
in animals receiving only sodium chloride in their drinking neater. On the basis of 
these experiments, it would appear that a certain level of adrenal cortical steroids 
is necessary, either directly or indirectly, for the maximal estrogen effect. It should 
be noted that the estrogen per se is more toxic to adrenalectomized animals main- 
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tamed only with sodium chloride than is sesame oil. Twenty-one of 60 adrenalecto- 
mized salt-maintained mice succumbed within 10 days of estrogen injection as com- 
pared to 8 of 60 similar mice injected with sesame oil. In addition, the operated mice 


Table 2. Influence of alpha-estradiol benzoate on survival of adrenalectomized 

IRRADIATED CFI MICE* 


ZXPEB- 

niERT 

NO. 

OSOUP 

' 

TREATlffiKT 

SEX 

EADI- 

ATION 

DOSE, 

r 

NO. 

UlCE 

PER 

W 

1 

tXOTI 

EEKS/ 

DtKAS 

2 

T7RVIV 

ITTER 

CATION 

3 

AL— 

K- 

4 > 

I 

Intact 

Sesame oil 

M 

500 

66 

83 

3 S 

24 

24 


Intact 

Estradiol 

M 

500 

22 

86 

82 

82 

82 


Adrenalectomized 

i%NaCl,ACE* 

M 


18 

9 S 

9 S 

89 

82 


Adrenalectomized 

1% NaCl, ACE’ sesame oil 

M 

Soo 

44 

83 

27 

23 

23 


Adrenalectomized 

1% NaCl, ACE’ estradiol 

M 

Soo 

SO 

86 

78 

7 S 

70 

s 

Intact 

Sesame oil 

F 

SSo 

30 

97 


20 

20 


Intact 

Estradiol 

F 

SSo 

27 

96 


81 

81 


Adrenalectomized 

1% NaCl, sesame oil 

F 


19 

100 

9 S 

90 

79 


Adrenalectomized 

1% NaCl, estradiol 

F 


16 

88 

88 

75 

7 S 


Adrenalectomized 

1% NaCl, sesame oil 

F 

SSO 

33 

SI 

24 

21 

18 


Adrenalectomized 

1% NaCl, estradiol 

F 

SSO 

23 

70 

43 

43 

39 


* Estradiol benzoate (o.i66 mg. I.M.) injected lo days before s-irradiation. Controls received 
equivalent volume of sesame oil. ® Bold face figures are significantly different (P < .05) from the 
4-week survival of the appropriate irradiated controls. * Adrenal cortical e.Ttract (Wilson) 0.2 cc. 
subcutaneously daily. 
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days after X irradiation {500 r) 

Fig. 7. Effect of adrenalectomy on the protective action of estradiol against x-irradiation 
of CFi male mice. 


without adrenal cortical supplements appear to be somewhat more sensitive to irradi- 
ation than the intact animals. 

Significantly, the maximal estrogen protective eSect is observed when mice are 
irradiated during their leukopenic period. This relationship, which is presented graphi- 
cally in figure 8, along with the observation of a more rapid recovery of the heterophils 
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-in irradiated mice pretreated with estradiol, suggests the possibility that estrogen 
stimiilation renders myelopoietic tissues more resistant to x-rays, perhaps because 


Table 3. Eekct of pretreatment with benzestrol — 2,4-Di (parahydeoxyphenyl) 3-ethyl 

hexane — ON SURVIVAL OF CFI MICE AFTER X-LRRADIATION 


EXiimtENT 

KO. 

TEEAIMEKT* 

! 

SEX 

RADIATION 
DOSE, r 

NO. MICE 

B 

:nt SUE’ 

TEE ZR2 

2 

iADIATK 

3 

ITEEES 

IN 

4» 

I 

Controls 

. F 

mm 

n 

90 

30 

25 

2S 


Benzestrol, o.i mg. 

F 



95 

80 

70 

70 


Benzestrol, 0.2 mg. 

F 

550 

20 

100 

1 

85 

1 

8s 

85 

2 

1 

Controls 

M 

550 

19 

100 

5 

0 

0 


Benzestrol, 0.2 mg. 

M 

550 

15 

93 

1 

20 

13 

13 

3 ■ 

Controls 

M 

500 

18 

lOO 

44 

17 

17 


Benzestrol, 0.5 mg. 

M 

500 

20 

85 

6s 

55 

66 


Benzestrol, i.o mg. j 

M 

500 

1 

20 

95 

8S 

85 

86 


^ AH injections intramuscularly 10 days before x-irradiation. Controls received an equivalent 
volume of sesame oil. * Bold face figures are significantly different (P < .05) from the 4-week 
survival of the appropriate irradiated controls. 


Table 4. Effect of pretreatment with alpha estradiol benzoate, progesterone and 

TESTOSTERONE PROPIONATE ON SURVIVAL OF MALE CFI MICE AFTER X-IRRADUTION (500 r) 


EXPERIMENT 

TEEATUENT* 


PEE CENT SUKVIVAL'— TOEKS 

after irradiation 


1 

NO. incE j 

1 

1 1 

2 i 

3 

4» 

I 

Controls, O.I cc. sesame oil 

41 

97 

44 

32 

32 


Estradiol, 0.166 mg. 

40 

93 1 

8 S 1 

8S 

86 

2 

Controls, 0.1 cc. sesame oil 

18 

78 

33 

28 

28 


Progesterone, 0.1 mg. 

18 

83 

SO 

SO 

so 


Progesterone, 0.2 mg. 

18 

89 

61 

55 

55 


Progesterone, 0.2 mg. + 

Estradiol, 0.166 mg. 

18 

100 

100 

TOO 

100 


Estradiol, 0.166 mg. 

18 

89 

89 

89 

89 

3 

Controls, 0.1 cc. sesame oil 

29 

87 

76 

72 

72 


Testosterone, 0.1 mg. 

30 

100 

79 

66 

66 


Testosterone, i.omg. 

1 30 , 

100 

1 1 

56 

56 


^ AH injections I.M. 10 days before x-irradiation, ® Bold face figures are significantly differ- 
ent (P < .os) from the 4-week survival of the appropriate irradiated controls. 


these tissues are in a proliferative phase during or shortly after the irradiation. This 
point is receiving further consideration in current studies in which the histologic ap- 
pearance of myeloid tissues and the cell population of bone marrow smears are being 
investigated. 
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Brues (6) has reported that similar lymphopenias are observed in two species 
(rabbit and guinea pig) with widely different sensitivities following x-irradiation with 
200 r. The heterophils, on the other hand, are decreased markedly only in the guinea 
pig with this dose (ldso). As the radiation dose is increased, a marked depression in 
heterophils appears in the rabbit as its lethal dose is approached. Brecher et al. (7) 
have observed that lymphocytes and heterophils are decreased rather equally in mice 


Table 5. Effect of pretreatment totu alpua estradiol benzoate on survival of male cfi 
MICE after poisoning IVITII nitrogen mustard — X tETlIYL (s, s'-DICHLORO) DIETHYL 
AMINE HYDROCHLORIDE— 3.5 pO/GU. SUBCUT/VNEOUSLY 



1 

PEB CENT SUBVIVAI/— DAVS ATTEE NITEOCEN MUSTAED 

TEEATJtENT* 

NO* MICE 







3 

mm 

5 

6 

3 

IS 

Controls, o.i cc sesame oil 

31 

100 

64 

29 

16 

16 

16 

Estradiol, 0.083 

28 

100 

57 

32 

II 

II 

II 

Estradiol, 0.166 mg. 

23 

91 

65 

17 

1 

9 

4 

0 


1 All injections intramuscularly lo days before nitrogen mustard poisoning. 



time of X IBRAOIATION RELATIVE TO INJECTION OF ESTRADIOL OR SESAME OIL (llllrl) 

Fig. 8. Relationship of the estrogen protective effect to the change in total leucocyte count 
induced by a single injection of estradiol benzoate (EDB). 

after an apparently non-lethal exposure to x-rays (400 r). However, their data reveal 
that there is a fairly rapid recovery of the heterophils at this dose. That there is some 
correlation between heterophil response and lethal effect is also indicated in our find- 
ing that a rapid recovery of heterophils but not of lymphocytes occurs in mice treated 
with estradiol 10 days before irradiation. 

The observation that the anemia of radiation is less severe in the animals con- 
ditioned with estrogen may also be significant in explaining the improved survival. 
Jacobson (8) has reported that male and female mice treated with repeated small 
doses of estradiol benzoate (16 pg. weekly) sufficient to produce a partial replacement 
of the bone marrow by endosteal new bone formation exhibit an anemia of question- 
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able significance and no appreciable alteration in the other blood constituents. The 
absence of frank anemia under these conditions may be due to the fact that some 
h5'perplastic marrow exists between the spicules of invading bone and that, in addi- 
tion, extramedullar}- hemopoiesis is more marked than normal in the spleen and 
liver (8). Although the single large injection of estradiol employed in our experiments 
did not influence erythrocyte levels in the nonirradiated mice, it is possible that 
hemopoietic tissue is, nevertheless, rendered more resistant to irradiation as a result 
of the estrogen or that extramedullar}^ hemopoiesis becomes more evident under these 
conditions in response to destruction of the marrow by x-rays. 


SUMilARV 

The obser\aation of Treadwell and her co-workers that pretreatment with es- 
tradiol benzoate improves the survival of male mice after lethal x-irradiation has 
been confirmed. It has been demonstrated further that the estrogen protective effect 
occurs in female mice as well and that Benzestrol, but not progesterone and testos- 
terone, is also effective. The time of injection of estrogen relative to the time of ir- 
radiation is critical, for estradiol is most effective when it is given 10 days before the 
exposure. Estrogen injection s or 15 da}^ before irradiation also protects but adminis- 
tration at other inter\Mls fails to increase sur\nval and, indeed, may even potentiate 
toxicity. Estradiol in dosage sufficient to protect against x-rays does not influence 
sundval after poisoning with a nitrogen mustard. 

Estradiol (0.166 mg/mouse I.M.) increases adrenal weight and accelerates 
thymic involution but has no appreciable effect on weight of the spleen, inguinal nodes 
or kidneys. Although the increase in adrenal weight after x-irradiation is somewhat 
greater in mice pretreated with estrogen, the radiation-induced involution of spleen, 
thymus and inguinal nodes is not altered by the treatment. Experiments are cited 
which indicate that presence of the adrenals is not essential for the protective action 
of estrogens. 

A leukopenia Avith maximal depression around 10 to 14 days after estrogen in- 
jection has been observed. The reduction in heterophils is more marked and some- 
what more consistent than the lymphocyte response. Little change is noted in erythro- 
cyte count following the single injection of estradiol. Leucocytes are decreased to the 
same levels in both the estrogen-treated and control irradiated animals, although 
maximal depression and recovery occur earlier in the former. The more rapid recovery 
of leucocytes in irradiated mice which receive a prior injection of estrogen resides in 
the heterophil component. The anemia of radiation is also less severe in the estro- 
gen-treated animals. 

Significantly, the maximal estrogen protective effect is observed when mice are 
irradiated during their leukopenic period. That there is some correlation between 
heterophil response and lethal effect is indicated in our finding that a rapid recovery 
of heterophils but not of lymphocytes occurs in mice treated with estradiol 10 days 
before x-irradiation. The possibility is considered that estrogen stimulation renders 
myelopoietic tissue more resistant to x-rays, perhaps because these tissues are in a 
proliferative phase during or shortly after the irradiation. 

The authors gratefully acknowledge the technical assistance of Miss Eugenia Jackson. 
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RELATION OF FOOD INTAKE TO GROWTH-DEPRESSING 
ACTION OF NATURAL AND ARTIFICIAL ESTROGENS' 

JOSEPH MEITES 

With the technical assistance of J. 0. Reed 
From the Deparlvxcnl of Physiology and Pharmacology, Michigan State College 

EAST LANSING, MICHIGAN 

B oth natural and artificial estrogens have been demonstrated to depress 
growth in rats and mice (1-3). The mechanisms through which this is ac- 
complished have not been adequately clarified. It has been suggested that 
estrogens may reduce anterior pituitary secretion of growth hormone (2, 3) and 
thyro trophic hormone (4), or increase the secretion of adrenocorticotrophic hormone 
(5), any of which could result in growth depression. Non-pituitary channels may also 
be involved since it has been shown that estrogens can reduce body weight in hypophy- 
sectomized rats (6), inhibit important enzyme systems in the body (7) and possibly 
exert inhibitory effects on the nervous system (8). 

The relation of estrogens to appetite has been largely overlooked, and only a 
few fragmentary reports have appeared on this subject. Cameron et al. (9) noted that 
rats fed estradiol appeared to eat less food, while Noble (10) observed that estrogens 
may reduce fluid intake in rats. The artificial estrogens, benzestrol, diethylstilbestrol 
and hexestrol have been reported to inhibit appetite, respectively, in normal rats 
(ii), alloxan diabetic rats (12) and sheep (13). In goats, Meites and Turner (14) 
found that a dose of diethylstilbestrol which was just sufficient to induce a definite 
reduction in daily milk yield also elicited a definite decrease in food and water intake. 

The purpose of these experiments was to determine a) to what extent estrogen- 
induced depression of growth rates in rats was due to a voluntary reduction in feed 
consumption and b) whether there were any differences in this respect between an 
artificial estrogen, diethylstilbestrol, and two natural estrogens, estrone and estradiol. 

METHODS 

One himdred female albino rats of the fast-growing Michigan State College 
strain and 30 female albino rats of the slower-growing Sherman strain were used in 
these experiments. The three hormones used, diethylstilbestrol, estrone and estradiol, = 
were dissolved in corn oil and injected in volumes of o.i ml. daily for periods of either 
30 or 75 days. Diethylstilbestrol was given in dosages of 0.001 mg., o.oi mg. or o.i 
mg. daily, and estrone and estradiol were given only at the rate of 0.1 mg. daily. 

Received for publication June 23, 1949. 

1 Published with the approval of the Director of the Michigan Agricultural Experiment Station 
as Journal Article No. 1054 (n.s.). 

= Diethylstilbestrol, estrone and estradiol were kindly supplied, respectively, by Dr. D. F. 
Green of Merck and Co., Inc.; Dr. D. W. MacCorquodale of die Abbott Laboratories; and Dr. 
Erain Schwenk of the Schering Corporation. 
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Control rats were injected with 0.1 ml. of blank corn oil daily in order to rule out 
effects which might be attributable to the oil. 

The food and water consumption of each group of rats was accurately measured 
every day, and body weights were recorded every three days. The same quantities 
of food and water consumed daily by the diethylstilbestrol-treated rats were given 
to non diethylstilbestrol-treated rats (pair-fed controls) in order to determine the 
extent of growth inhibition which could be accounted for by anorexia alone. All 


Table i. Effects of xatural axd synthetic estrogens on food intake and 

BODY GROWTH OF RATS 


NO. 

OP 

ILA.TS 

TEEATiTENT ! 

1 

DAYS 

1 

AV. ORIG. BODY 1 
\\*T. ! 

AV. riKAL BODY 

vrr. 

1 

1 AV. INCREASE i 
1 W BODY vn. 

AV, DAILV i 

POOD INTAKE | 

1 

AV, 

DECa. 

rSTOOD 

INTAKE 




£n. 

Strt. 

£«. 

grn. 

% 


Michigan Stale College Rati 

r — Diethylstilbestrol Scries 



10 

Controls — fed ad lib. 

30 

145.0 s-io! 

193.0 ih 6.41 

48.0 ' 

jio.9 dr 0.25 


10 

0.001 mg. stilb. daily 

30 

143-5 ± 4-87 

174.0 zh 5-93 

30.5 

9.7 ± 0.32 

11. 0 

10 

Pair-fed controls 

30 

143.0 iti 4.72 

175.0 ib 6.30 

32.0 

9-7 

II. 0 

10 

0.01 mg. stilb. daily 

30 

143.8 ib 5-02 

156.5 ib 5.01 

13.7 

8.8 ib 0.40 

19.2 

10 

Pair-fed controls 

30 

143. 5 ^ 3 -Si 

162.5 i 4-42 

19.0 

S.8 

19.2 

10 

O.I mg. stilb. daily 

30 

154.0 it 6.44 

159.0 dr 6.22 

5-0 

7.8 d: 0.37 

28. 4 

10 

Pair-fed controls 

30 

149.5 ± 5.63 

164.0 rb 4.06 

14.5 

7.8 

00 

Cl 


Michigan Stale College Rats — Natural Estrogen Series 
Controls 75 147.0 186.0*223.0 i 7.1539.0** 76.010.4 ± 0.19 

±4.09 ±6.01 

o. I mg. estrone daily 75 148.5 1S4.0 201.0 it 5.9735.5 32.510.6 it 0.14 None 

±3.37 ±4.92 

o. I mg. estradiol daily 75 146.0 1S5.0 202.0 it 5.8939.0 56.011.0 it 0.16 None 

±3,15 ±3.01 

Sherman Rats 

Controls 30 137.0 i 5.32182.5 it 4.76 45-5 10.2 it 0.30 

o. I mg. estrone daily 30 13S.5 db 4-87167.0 it 7.03 28.5 9.6 db 0.29 3.8 

o.i mg. stilb. daily 30 135.5 ± 4-53 i43-o ± 6.35 7.5 S.o it 0.29 21.5 

-I- Standard Error of tbe Mean = 

* Average body weight at 30 days. * Average increase in body weight at 30 days. 

animals were maintained in an air conditioned room at a constant temperature of 
74 degrees Fahrenheit. 

RESULTS 

The data are summarized in table 1. The average daily water consumption is 
not included since it closely paralleled food intake in all cases. It can be seen that the 
largest dosages of diethylstilbestrol used, o.i and o.oi mg. daily, elicited the greatest 
inhibition of growth and appetite (figs, i and 2). The growTh and appetite inhibiting 



10 

10 

10 

10 

10 

10 
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Fig. I {upper). Effects of injections of 0.001 mg. and o.oi mg. of diethylstilbestrol daily on 
growth rate and food intake of Michigan State College rats. Note the direct relationship between 
hormone dosage, growth rate and food intake, and the parallel growth rates of the pair-fed controls. 

Fig. 2 {lower). Effects of injections of o.i mg. of diethylstilbestrol daily on growth rate 
and food intake of Michigan State College rats. Note the parallel growth rate of the pair-fed controls. 


effects of diethylstilbestrol were generally more drastic during the first two weeks 
than during the last two weeks of the experiment. The growth rate of the pair-fed 
control groups, limited in each case to the same quantities of food and water con- 
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Fig. 3 {upper). Effects of injections of o.i mg. of estrone and estradiol daily on growth 
rat^ and food intake of Michigan State College rats. Note that the growth rate of these rats was 
not reduced imtil after about 30 days of estrogen treatment, and that food consumption was not 
decreased at any time. 

Fig. 4 {lower). Effects of injections of o.i mg. of estrone and diethylstilbestrol daily on 
growth rate and food intake of Sherman rats. Note that diethylstilbestrol induced almost immediate 
decreases in growth rate and appetite, whereas estrone exerted a delayed and lesser growth-inhibiting 
effect without significantly altering food intake. 
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sumed by each of the diethylstilbestrol-treated groups, approximately paralleled 
the growth rate of the latter. This indicates that most of the growth depression 
exerted by the three levels of diethylstilbestrol can be accounted for on the basis of 
reduced food and water intake alone. 

In the natural estrogen series (fig. 3) the rats which received o.i mg. of estrone 
or estradiol daily showed no reduction in growth rate until after 30 days, and no 
decrease in appetite throughout the entire 75 days of the experiment. It is obvious 
that the growth-inhibiting effects of the least amount of diethylstilbestrol used, 
0.001 mg., were more marked than 100 times that quantity of either of the two natural 
estrogens. These data indicate that growth reduction can be induced with natural 
estrogens without lowering daily food intake. 

The comparative effects of estrone and diethylstilbestrol on the slower growing 
Sherman rats are illustrated in figure 4. Here, as in the faster, growing Michigan 
State College rats, the growth-inhibiting action of diethylstilbestrol was more drastic 
and occurred earlier than in the estrone-treated animals. An average daily reduction 
in food consumption of 21.5 per cent was induced by the diethylstilbestrol j while a 
small and probably insignificant decrease of 5.8 per cent occurred in the estrone- 
treated rats. 


DISCUSSION 

The results of these experiments point to the conclusion that diethylstilbestrol 
can curtail growth (and perhaps gonadal function and lactation) in rats principally 
by decreasing appetite, while natural estrogens can inhibit growth without, any 
corresponding decrease in appetite. The possibility remains that larger doses of 
natural estrogens than those used in these experiments could depress food intake, 
or that rats of different age groups may be more susceptible to the natural estrogens. 
Some preliminary experiments by the author also indicate that ovariectomized rats 
are much more responsive than intact rats to the growth-depressing action of estrone, 
but there is no alteration in daily food intake. It is apparent that factors other than 
decreased appetite are involved in explaining reduced growth in rats given natural 
estrogens. 

It is interesting to consider how diethylstilbestrol depresses appetite in rats. 
Both indirect and direct effects seem possible. In goats, Meites and Turner (14) 
demonstrated that the lactation-inhibiting action of diethylstilbestrol could be 
completely overridden by the simultaneous administration of thyroxine. This might 
be considered as indirect evidence that the artificial estrogen reduces thyroid hormone 
secretion via the pituitary, which in turn results in decreased metabolism and food 
intake. However, it has also been shown that a restricted food allowance itself is 
followed by reduced thyroid hormone secretion (i5> i6)> leaving unanswered the 
question as to whether appetite or thyroid depression comes first. 

Another hypothesis has been suggested by Meites and Turner (14) to explain 
the reduction in food consumption following administration of artificial estrogens to 
lactating goats, namely that a vitamin deficiency may be created thereby. These 
workers noted that the decrease in milk yield following hexestrol administration 
could be counteracted by feeding extra vitamins in the form of fresh-cut green grass. 
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Ershoff el al. (17, 18) also observed that in immature rats fed massive doses of alpha 
estradiol, the inhibition of ovarian development could be counteracted by feeding 
yeast or desiccated whole liver. Preliminary data from our laboratory (19) indicate 
that the depressing effects of diethylstilbestrol on growth and appetite in rats can be 
partially overcome by adding vitamin B12 to the diet, while thiamin and brewer’s 
yeast appear ineffective in this respect. 

StTilXIARY 

The relation of appetite to the growth-depressing action of diethylstilbestrol 
estrone and estradiol was determined in 130 female rats of the Michigan State College 
and Sherman strains. Diethylstilbestrol was injected in doses of 0.001, o.oi or o.i 
mg. daily into three groups of rats, and food and water consiunption were recorded 
daily. Tliree groups of control rats were fed the same amounts of feed and water 
consumed daily by the diethylstilbestrol-treatcd animals. The two natural estrogens 
were injected into several groups of rats in doses of o.i mg. daily, and food and water 
intake were similarly recorded. 

All levels of diethylstilbestrol decreased growth and food and water intake, with 
the larger doses inducing the greater inhibitory effects. The growth rates of the pair- 
fed control groups paralleled those of the diethylstilbestrol-treated groups, showmg 
that the growth-inhibiting effect of this hormone was due mainly to its ability to 
depress appetite. The natural estrogens were less effective in reducing growth and 
did not decrease food consumption. The possible mechanisms through which the 
natural and artificial estrogens exert their different effects on growth or appetite are 
discussed. 
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INFLUENCE OF INDUCED HYPO- AND HYPERTHYROIDISM 
ON VITAMIN E REQUIREMENT OF CHICKS^ 

ROBERT S. WHEELER and JESSE D. PERKINSON, Jr.2 
From the Departments of PouUry Husbandry and Biology, The University of Georgia 

ATHENS, GEORGIA 

T he effects of feeding small amounts of synthetic thyroprotein to chickens 
are currently being investigated in this laboratory. In one particular trial, 
it was observed that young cockerels fed a conventional diet supplemented 
with synthetic thyroprotein spontaneously developed E-deficiency symptoms while 
birds used as controls remained normal (i). Vitamin E deficiency symptoms are 
not unusual in growing chickens fed a conventional diet, especially if the fats in 
the diet become rancid. But in the present case this suggests that the diet supplied 
marginal amounts of vitamin E and that the mild hyperthyroidism induced by 
the feeding of S3mthetic thyroprotein may have increased the birds’ vitamin E re- 
quirement. 

A review of the literature did not yield mformation on the relationship of thy- 
roidal activity to vitamin E requirement. This was not unexpected because it is 
rather difficult to obtain definitive vitamin E deficiency symptoms in mammals. 
The growing chick, however, is an excellent subject for E-deficiency studies because 
it is relatively simple to produce the characteristic symptoms — ataxia and cerebellar 
hemorrhage (2, 3). Therefore, any effect of hyperthyroidism on vitamin E require- 
ment would be more readily observed in chicks than in other experimental ani- 
mals. 

The present communication describes the effects of experimentally induced 
h3q)er- and h3q)othyroidism in chicks fed piuified diets containing known amoimts 
of vitamin E. 

EXPERIMENTAL 

Two hundred four-day-old White Leghorn males were divided at random into 
12 groups of 17 chicks, and each group was confined in a separate compartment 
of an electric battery brooder provided with wire mesh floors. Two groups served as 
replicates for each of the six diets fed. 

Dam’s (3) basal diet no. 190* was modified to provide the following diets: 


Received for publication July 19, i949' 

^TMs study was made possible, in part, through a grant-in-aid allocated by the University 
Center in Georgia from funds made available jointly by the Carnegie Foundation and the University 
of Georgia. The writers, however, are solely responsible for the statements made in this report. 

= Present address: Medical Division, Oak Ridge Institute of Nuclear Studies, Oak Ridge, 
Tennessee. 

^U.S.P. Xn Salt Mixture plus 0.0012 gm. CuSOi-sHsO per 100 gm. of basal diet was used 
instead of the mixture employed by Dam. 
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E-4eficUnU 

1. No supplement 

2. 0.04% thyroprotein' 

3. 0.1% thiouradl 


E-suficUnt 

4. No supplement 

5. 0.04% thyroprotein' 

6. 0.1% tliiouracil 


The dry material was mixed daily with lard so as to provide a 30 per cent lard mix- 
ture and all unconsumed food was discarded before the fresh supply was put into 
the feeding trough each day. Vitamins A and D were administered twice weekly 
by dropper at the rate of 1200 lu of A, and 150 ro of Dj per chick per week. 

The experimental period was 28 days. Observations were made on time of 
onset of ataxia, time of death and at autopsy, the presence of cerebellar hemor- 
rhage was determined. 


RESULTS 

It may be seen in table i and figure i that there was a definite relationship be- 
tween thyroid state and the time and incidence of death of the E-deficient chicks. 


Table 1. Effect of hypee- and iiypoiHYROiDisM on \'rrAiiiN e requirement of chicks 


DIET 

SUTPLEHEKT 

CUUULATIVE KO. 
DEAD ON^ D.\Y: 

7 U 21 31 

TOTAL 

MOS:T.\L- 

ITY 

iIEA^f 
ACE AT 
DEATH 

A\TEACE 

BODY 

WEIGHT 

Day Day 

1 2S 







Vo 

days 

jrs. 

Basal E-deficient 

Thyroprotein (0.04%) 

0 

IS 

22 

24 

71 


41 

143 


None 

0 

4 

13 

18 

53 


42 

170 


Thiouradl (0.1%) 

0 

0 

3 

14 

41 


42 

I 4 S 

Basal, plus 10 mg. vit. 

Thyroprotein (0.04%) 

0 

0 

0 

5‘ 

IS' 

2S‘ 

41 

1S3 

E/ioogm. diet 

None 

0 

0 

0 

0 

0 


41 

194 


Thiouradl 

0 

0 

0 

0 

I 

0 


42 

193 


* Severe perosis but no symptoms of E-deficiency; see te.xt. 


The total mortality from E-deficiency was highest in the hyperthyroid group, inter- 
mediate in the euthyroid group and lowest in the hypothyroid group. The mean 
age at death was 15, 20, and 28 days, respectively, for each of these groups, indicating 
the relative rate of depletion of the vitamin E stores. In fact, 48 per cent of the hyper- 
thyroid chicks were dead before any of the animals in the other groups had started to 
show deficiency symptoms, and 35 per cent of the euthyroid chicks were dead by 
the time any of the hypothyroid chicis died. All of these values are statistically 
significant at the i.o per cent level. 

All of the E-deficient chicks that died became ataxic, and at autopsy e.xhibited 
cerebellar hemorrhage. On the other hand, none of the E-sufficient chicks showed any 
s3nnptoms of encephalomalacia, either when alive or at autopsy. The only deaths in 
these groups occurred in the hyperthyroid chicks, and, since those that died ex- 
hibited such severe perosis in both legs that they did not have ready access to food 


* Ten mg. alpha tochopberol acetate (Merck) was added for each 100 gm. of basal diet. 

® Thyroprotein contains 3.0 per cent thyroxine according to the manufacturer’s chemical assay. 
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and water, it is believed they died of starvation. In all, 29 per cent of the E-sufficient, 
hyperthyroid chicks developed perosis (a condition in which the Achilles tendon 
slips from the condyles of the tibiotarsal-tarsometatarsal joint). Perosis also occurred 
in the hypertliyroid, E-deficient chicks but the incidence was only 3.0 per cent. 
Perhaps the reason for such a low incidence in this group is that most of the chicks 
died too early in the course of the experiment to develop the disorder. 

DISCUSSION 

Precedence for the idea that thyroid state affects the rate of depletion of vitamin 
stores and thus vitamin requirement is established in the review of Drill (4). It has 



10 20 30 

DAYS FED E- DEFICIENT DIET 

Eig. I. ErrECi or thyroid state on relative rate of utilization or depeletion of endogenous 
vitamin E. (Note: a natural diet ivas fed from the 29th to 31st day.) 

been shown that hyperthyroidism increases the requirement for vitamins A and C 
and for certain of the B-complex factors. 

The results of the present study demonstrate that thyroid state can influence 
the depletion or utilization rate of vitamin E, presumably as a result of the general 
increase in metabolism. If this be true, it is logical to assume that in cases of experi- 
mental hyperthyroidism, increased intake of this vitamin would be required to 
compensate for the increased rate of depletion. Lacking confirmatory evidence for 
this in mammals, it is impossible to make a definite statement, but these findings 
imply that supplementary vitamin E may be indicated in natural cases of hyper- 
thyroidism, or in cases of thyroid therapy, as well as in experimental h3T)erth3noidism. 

Haque et al (5) who reported on the effect of thyroxine injections on vitamin 
deficiencies (including E-deficiency) in chicks failed to observe E-deficiency in their 
study. But it is doubtful that E-deficiency could be produced by merely omitting 
the alpha tochopherol from their basal diet no. no which contained two sources of 
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vitamin E: soybean (or com) oil and ‘crude’ casein. Furthermore, the time interval 
(one week) was of too short duration to sufficiently deplete the endogenous vitamin. 
Dam (3) was unable to produce deficiency’- symptoms in less than 12 da^-s, and in the 
present study the first chicks did not show symptoms until the end of the second 
week on a deficient diet. 

The excessive incidence of perosis which occurred in hyperthyroid chicks fed the 
E-sufficient diet suggests that elevated metabolism may also increase the require- 
ment for other substances. Manganese (6), choline (7) or biotin (8, 9) deficiency is 
known to cause perosis. 

One of the most interesting implications of this study lies in its possible use in 
the biological assay of vitamin E. The use of hyperthyroidism to accelerate depletion 
of endogenous vitamin E would make possible the employment of ‘basal’ animals 
for assay purposes in the manner used b}’- Robblee et al. (10) in studjdng an uniden- 
tified chick growth factor. These workers found that synthetic thyroprotein in- 
creased the requirement for the growth factor and hence could be used to produce 
depleted animals for test purposes. 


SUMMARY 

Experimental hyperthyroidism increases, whereas induced hypothyroidism de- 
creases the rate of utilization (depletion) of endogenous vitamin E in chicks fed an 
E-deficient diet. There is some evidence that hyperthyroidism may also increase 
the requirement for choline, biotin or manganese. The findings of the present work 
imply that supplementary vitamin E may be indicated in natural or induced hyper- 
thyroidism, or in cases of thyroid therapy. The technique used in this study would 
appear to be valuable in the biological assay of vitamin E. Hyperthyroidism, used 
to accelerate depletion of endogenous vitamin E, would make possible the employ- 
ment of ‘basal’ animals for assay purposes. 

Grateful acknowledgement is made to Dr. David Green, Merck & Company, Rahway, New 
Jersey, for generous supplies of alpha tochopherol and vitamin K; Dr. W. R. Graham, Jr., Ccrophyl 
Laboratories, Kansas City, Missouri, for S3mthetic thjToprotein (Protamone); Dr. Philip L. Harris, 
Distillation Products, Inc., Rochester, New York, for A-D concentrate; Dr. Mark Welch, Lederle 
Laboratories, Pearl River, New York, for tliiouracil. 
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EFFECT OF SE\rERE STRESS UPON THYROID FUNCTION 
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From ihc Thorndike Memorial Laboratory, Second and Fourth Medical Seroices {Harvard), 
Boston City Hospital, and the Department of Medicine, Harvard Medical School 

BOSTON, MASSACHUSETTS 


and the Department of Medicine, University of Washington 

SEATTLE, Washington 

M any factors are known to increase the metabolic rate; among these are 
exercise, extremes of temperature, insomnia, food, fever and a great 
variety of emotional disturbances. The mechanisms by which the in- 
creases are effected have been incompletely elucidated. One of the probable contrib- 
utory factors whicli was investigated early was the role of adrenalin. Elrantz and 
Means (i) found that a single subcutaneous injection of 0.625 mg. of adrenalin raised 
the metabolism of normal people to a level of about plus 25 per cent. Marine and 
Baumann (2) observed in the rabbit and cat with an intact tliyroid that a transient 
symptom-complex was produced by injury to the adrenals, which closely resembled 
Graves’ disease. More recently, Soffer and associates (3) found that prolonged ad- 
ministration of adrenalin to dogs was followed by hyperplastic changes in the thy- 
roid. Bioassay of the serum of thyroidectomized dogs after adrenalin administration 
showed an increase in circulating thyrotropin. Although adrenalin probably exerts a 
calorigenic effect, independent of changes induced in the thyroid, the latter are 
doubtless of significance under certain circumstances. 

The influence of the cervical sympathetic nervous trunk upon the thyroid was investigated 
by Cannon, Singer and Fitz (4) by anastomosing the distal end of the trunk with the phrenic nerve. 
There resulted an increased oxygen consumption, nervousness, weight loss and cytological changes of 
h3rperthyroidism. Friedgood and Cannon (5) upon investigating the phenomenon concluded that 
the thyroid stimulation was mediated through the pituitary. Uotila (6) found that extirpation of 
various parts of the cervical sympathetic system failed to produce much direct effect on the cytology 
or function of the thyroid. 

Uotila (7) as well as Wolf and Creep (8) reported that exposure of rats to cold increased the 
activity of the thyroid, provided that tlie pituitary was present. Uotila showed that it was necessary 
also to have the hypophyseal stalk intact. 

Starr and Roskelly (9) observed that in rats exposed to temperatures of 12° to 17° C., the 
thyroid cells initially became hypertrophied but later decreased markedly in size when the exposure 
was extended to 56 days. Dempsey and Astwood (10) concluded on the basis of indirect evidence 
that the release of thyroxin from the thyroid increased when the ammal was exposed to cold and 
decreased when he was in a heated environment. 

Leblond and collaborators (ii), using radioiodine to study thyroid function, concluded that in 
rats exposed to cold (0° to 2° C.) for various intervals there was questionable stimulation of the thy- 
roid within the first 3 days, definite after 7 days, maximal at 26 days, and none at 40 days. At the 
time of maximal stimulation by the cold the fixation of radioiodine was 2.7 times that of the control. 
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Exposure to heat was found to lessen thyroid activity. The decrease was observed as early as after 
one day, and it persisted for at least 26 daj*s. 

We have investigated in rats, the eflfect of starvation, heat, cold, adrenalin, ad- 
renal cortical extract, tj-phoid vaccine, and trauma upon the distribution of radio- 
iodine in the thyroid gland and m the serum. The content of radioiodine in urine 
and the total and protein-bound radioiodine of serum were deterramed in a series of 
patients while they were undergoing pronounced stress, and constitute a separate 
report. 


l^EETHODS 

The rats were of the Sprague-Dawley strain, and almost all of them were male. 
They were raised in the Thorndike Memorial Laborator}' and were maintained on 
a diet of Purma Laboratoiy Chow, supplemented weekly with carrots and lettuce; 
At the time of the various experiments the rats were from 60 to 70 days of age. From 
4 to 6 animals were used to test any one phase of each e.xperiment. 

; The tracer dose of radioiodine ( 1 13 1) consisted of 100 microcuries, except where 
otherwise stated. In all instances it was given subcutaneously, usually in i cc. of 
saline. Caution was taken to pinch the skin at the site of injection very firmly in or- 
der to prevent leakage. The rats were killed by a blow on the head, except in the 
ones from which blood was taken; these were killed by a guillotine method. In one 
experiment sodium pentothal anesthesia was used but varying degrees of shock caused 
such marked discrepancy in the results that they were unreliable. The thjToid 
glands were removed quickly, weighed upon a torsion spring balance, digested in 20 
per cent potassium hydroxide and analyzed for the radioiodine content. The deter- 
mination of radioiodine in serum consisted of placing 0.5 or i cc. of serum in a bottle 
cap with one drop of dupanol. After drying in an oven the cap was placed under a 
Geiger-Miiller tube and counts were made. In determining the PBP i cc. of serum 
was pipetted into a 15 cc. centrifuge tube. Then 9 cc. of 10 per cent tricliloracetic 
acid was added while the solution was stirred vigorously. After centrifugation the 
supernatant fluid was decanted. The precipitate was washed three times with 5 cc. 
portions of 10 per cent trichloracetic acid, transferred quantitatively to bottle caps, 
dried at ioo°C. and then isotope coimts were made. 

Animals exposed to cold were kept at 5° C., while those exposed to heat were 
kept at 38° C.; the other rats were kept at 26° C. Other conditions of the experiments 
are described as each is presented. 

Experiments I and II. Each animal was given a tracer dose of radioiodine one 
hour before it was killed. It can be observed in figure i that in animals that had been 
fasted, exposed to cold or heat, or given adrenalin", the concentration of radioiodine 
in the thyroid gland was less than normal. The changes were greater in animals 
subjected to heat or starvation for two days than in those so treated for three days. 
The rats given adrenalin one hour before radioiodine was injected, and again at the 
time the radioiodine was given, had a lower concentration of isotope in the thyroid 
than did the ones given adrenalin only with the radioiodine. 


^ Protein bound iodine. 

- The solution of aqueous adrenalin contained i mg/cc. The oily preparation contained 2 mg/ cc. 
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Experimml III. In this experiment each animal was hilled 2 hours after radio- 
iodine was injected. The rats were fasted for 3 days, or exposed to heat or cold for 2 
days. One group of normal rats was given radioiodine followed one hour later by 0.2 
cc. of adrenalin in oil, and o.i cc. of aqueous adrenalin. As shown in figure 2, there 
was a subnormah concentration of radioiodine in the thyroid following adrenalin 
therapy, starvation and exposure to heat or cold. 

Experiment IV. In this experiment, the radioiodine was given 24 hours preced- 
ing the death of the rat. No food was given dmring the last 4 hours of the experiment. 
One group was given 0.2 cc. of adrenalin 2 hours before death. Another group re- 
ceived the same dosage 48, 24 and 2 hours preceding death. Five rats were subjected 
to trauma by applying a rubber band on the left hind leg for 15 horns 2 days before 
death, on the right hind leg for 2 hours on the next day, and on the right front leg 
for one horn beginning 2 hours before death. At least one leg of each animal became 


Fig.i. Results of 2 experi- 
ments are presented. The 2nd, 4th 
and 6th columns are results of the 
2nd experiment. The only;differ- 
erence in the characteristics of the 
2 experiments is that the 2nd one 
was conducted for 3 days while the 
first one was for 2 days. One group 
of rats, shown in the last column, 
was pven 0.2 cc. of adrenalin one 
hour before radioiodine and again 
with it; the other group was given 
0.2 cc. of adrenalin concomitantly 
with the isotope. Each column rep- 
resents average result obtained 
with from 3 to 6 rats. 



gangrenous. Four rats were each given 0.5 million killed typhoid bacilli intraperi- 
toneaUy 2 days before decapitation; the same sized dose was given the following day, 
and one million organisms were administered 2 hours before the rats were killed. 

Bilateral adrenalectomy was performed on 15 rats 2 days before death; they 
were given saline as drinking water. Five received no other treatment; 5 were given 
0.5 cc. of lipoadrenal extract (Upjohn) at 48, 24, and 3 hours, respectively, before 
death; 5 were given 0.2 cc. of adrenalin in oil at 48, 24, and 2 hours, respectively, 
before death. 

As seen in figure 3, the normal animals which received adrenalin, trauma or 
typhoid vaccine were found to have distinctly less protein-bound radioiodine in the 
serum than did the untreated ones. On the other hand, the concentration of isotope 
in the thyroid was hypemormal. The studies with the adrenalectomized animals 
demonstrated less protein-bound radioiodine in the ones treated with adrenal cortical 
extract or adrenalin than in the controls, but there were no statistically significant 
differences in the quantity of isotope in the thyroid. All of the adrenalectonuzed 
rats had more radioiodine in the thyroid than did normal animals. 
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Commcnls. The results that have been presented thus far show that foUowing 
the various types of stress the concentration of radioiodine in the thyroid of normal 
rats became subnormal when the isotope was given one or two hours before thy- 
roidectomy, but hypernormal when it was administered 24 hours before. The serum 
protein-bound radioiodine was found to be subnormal in the animals subjected to 
severe stress and given radioiodine 24 hours preceding death. Since there is cyto- 
logical evidence (7) of increased thyroid activity within 24 hours of exposure to 
stress, an increased rate of uptake of radioiodine by the thyroid would be expected. 


% te%t/ lot's- W7t«< 


per 

per cfl ptcimo 


± •r 


t.9 


Control 


i.t 


Adrenalin 


Storved 




Heol 


Unoperoted 


i.i 


mi 


Cold 


Fig. 2. Each column presents the mean value obtained with from 3 to 6 rats; standard devia- 
tion from tbe mean is indicated. 


However, with the increased production of th3T:otropin there ■would occur an in- 
creased rate of manufacture of thyroid hormone and of its transfer into the blood 
stream. The increased metabolic rate associated with the severe stress could be ex- 
pected to increase the rate of breakdown of thyroid hormone. Since the quantity of 
radioiodine in the thyroid and in protein-bound form in the serum is a balance of the 
factors discussed above as well as the quantity of radioiodine excreted or e.xisting 
in sites other than the thyroid or serum, wdth the information available, it is difficult 
to evaluate adequately the indmdual factors involved. In order to help elucidate 
the problem the following experiment was conducted. 

Experwient V. Each of 39 rats was injected with 8 microcuries of radioiodine 
every day for 3 days. They were given 16 microcuries upon the fourth day and killed 
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on the fifth. All of these animals were fasted for from 15 to 18 hours before death. 
The th3T:oid gland of 8 a n imals was removed, using ether anesthesia; each of these 
rats was killed 3 hours later. Four of them were given 0,3 cc, of adrenalin in oil im- 
mediately after thyroidectomy and 0.2 cc. of aqueous solution of adrenalin 20 min- 
utes before death. The purpose of this phase of the experiment was to determine 
the effect of adrenalin, and the h3permetabolism which it produces, upon the utili- 
zation of the protein-bound radioiodine of the serum. The effect of the operative 



Fig. 3. Each coltjiin presents mean value obtained with from 4 to 6 rats; standard deviation 
from the mean is indicated, 

procedure upon the thyroid was evaluated by a sham operation. The muscles ante- 
rior to the thyroid were cut and the gland was completely exposed. 

In order to permit the thyroid to evacuate its hormone during stress but to 
antagonize additional formation of hormone, 100 mg. of sodium thiouracil was given 
in 2 cc. of saline, intragastrically, to 8 rats, 5 hours before they were killed. Three 
hours before death, each of 4 of these animals was given 0.3 cc. of adrenalin in oil; 0.2 
cc. of an aqueous solution of adrenalin was given 20 minutes before decapitation. 
The remainder of the 39 rats served as controls. Determinations were made in each 
of the 39 rats of the total radioiodine concentration in the thjToid and in the serum, 
as well as in the protein-bound fraction of the latter. 

None of the treatments caused an unequivocal change in the radioiodine content 
of the thyroid. The total and the protein-bound iodine of the plasma was less in the 
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two groups of rats given adrenalin than in any of the others. In the group treated 
with thiouracil it is presumable tliat synthesis of the hormone had ceased, but it was 
still possible for adrenalin, by means of increasing thyrotropin production (3), to 
increase the rate of transfer of thyroid hormone into the blood and to increase the 
rate of metabolism of protein-bound nadioiodine. In the rats that were thyroidec- 
tomized, only the latter effect would be anticipated. However, it is quite possible 
that, with the manipulation of the thyroid gland, more protein-bound radioiodine 
was liberated from the thyroid than was induced by the increase in tliyrotropin. The 
thyroidectomized control group was not found to have an increase in thyrotropin nor 



Fig. 4. The group designated as ‘pre-treatment control’ were killed just before thiouracil or 
adrenalin was administered, or thjTroidectomy was performed. The rats in the post-treatment con- 
trol groups were killed simultaneously -with the ones that had been treated. Each column presents 
the mean values obtained with 4 or more rats; standard deviation from tlic mean is indicated. 

in the protein-bound radioiodine. Although it is probable that these animals were 
given extra adrenalin endogenously, the increased rate of utilization of the th}’Toid 
hormone may have helped to balance the increased transfer of ‘thyroxin’ from the 
thyroid to the plasma. Just what effect the different forms of treatment had on the 
excretion of radioiodine or its distribution in other parts of the body was not de- 
termined. 

DISCUSSION 

It has been shown that various t3^pes of stress affect the quantity of radioiodine 
in the thyroid and in the serum, particularly the protein-bound fraction. However, 
it is dfficult to determine the extent to which various phenomena are involved in 
producing the alterations in iodine metabolism. The concentration of isotope in the 
thyroid is, of course, a balance between the quantity of it taken from the blood by 
the gland and the amount released. 
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The rate of these changes depends upon the gradient of iodine between the blood 
and thyroid, thyrotropic hormone activity, rate of utilization of the thyroid hor- 
mone and other factors. Adrenalin increases the rate of release of thyrotropin from 
the pituitary, as apparently does the exposure to. cold. WTiether other alarming 
stimuli increase thyrotropin release has not been proved, although it seems logical 
that many of them would increase it. Apparently various stresses lead to an increased 
production of thyroid hormone, but there was also an increased rate of utilization of 
it. Neither the presence of the adrenals nor of the thyroid was necessary for adrena- 
lin to decrease the protein-bound radioiodine of the plasma. 

The results of Leblond and colleagues (ii) show that the duration of exposure 
to cold and the dosage of iodine are important in determining the concentration of 
isotope in the thyroid. When in their experiments 0.2 microgram of iodine was used, 
a decrease in the radioiodine in the th3T:oid was found during the first few days of 
exposure. When 5 micrograms were used, there was an apparent increase after a 
seven-day exposure and maximal increase after a 26-day exposure, but no increase 
after a 40-day exposure. 


SUMMARY 

In rats, the concentration of radioiodine by the thyroid and its distribution in 
the serum were found to be influenced by adrenalin, trauma and t3T)hoid vaccine. 
Adrenalin or adrenal cortical extract decreased the quantity of protein-bound iodine 
in the serum of adrenalectomized animals. Adrenalin decreased it in normal and 
thyroidectomized rats. Fasting, or exposure to cold (5° C.) or to heat (38° C.) for 
intervals of three days was associated with a subnormal concentration of radio- 
iodine in the thyroid. 
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METABOLISM OF DOGS DURING INTOXICATION FROM 
AGENIZED WHITE \\TIEAT FLOURS 

E. P. MONAHAN and G. G. LALANNE 
From the U. S. Army Medical Nutrition Laboratory 

CHICAGO, ILUN'OIS 

I T HAS been repeatedly demonstrated that various protein materials which have 
been treated with nitrogen trichloride (‘Agene’) when fed to animals will cause 
signs of intoxication, principally epileptiform convulsions (i, 2). These signs 
have been adequately described in previous communications (3, 4). The present in- 
vestigation sought to determine some of the metabolic changes accompanying such 
intoxication. Feeding experiments upon a variety of animals have demonstrated a 
marked species specificity for this type of poisoning, and of all animals tested, the dog 
is outstanding in its susceptibility to the toJfic agent. For this reason this animal was 
employed throughout the present study. 

methods 

Six healthy, adult, mongrel dogs of cither sex, and Tfith body weights from 5 to 9 kg. each, 
were studied. They were housed in individual metabolic cages kept in an air-conditioned animal 
house at 73°F. Use of these cages permitted separate quantitative measurement of dietarj’’ and fluid 
intake and of the excretion of urine and feces. The animals were allowed freedom of activity within 
the cages but not outside. 

Diets previously shown to be nutritionally adequate for dogs (3) were fed ad libitum. The 
animals consumed a daily average of 35 grams of food per kilogram of body weight and maintained 
their body weights well throughout the course of the study. Seventy-five per cent of the diet con- 
sisted of white wheat flour, which was untreated during the prcliminarj’’ control period. During 
the period of intoxication, the untreated flour was replaced by flour treated with nitrogen trichloride 
(‘Agene’) to the extent of 10 grams of NCh per roo pounds of flour. The diet was otherwise un- 
changed. 

Metabolic observations were made on two separate days of a preliminary control period which 
lasted 10 days. During the phase of intoxication, observ'ations were made from day to day after 
clinical evidence of poisoning became unequivocal. Death usually ensued within 15 days after the 
introduction of feeding with agenized flour, but no animal was studied while moribund. 

Daily records were kept of food and water intake, urine volume and specific gravity, and body 
weight. On the appropriate days, blood samples were taken from the external jugular vein, with the 
dog under light intravenous pentabarbital anesthesia. When the animals were judged to be ap- 
proaching a terminal state, electroencephalograpluc records w’ere made in a manner previously 
described (3). This procedure served to confirm the clinical diagnosis of intoxication. 

The folloumg qualitative tests were made on the urine of all animals on alternate days through- 
out the study: reducing substances, pn, protein, bile pigments, ketone bodies, blood (benzidine) 
and microscopic formed elements. The urine was analyzed quantitatively for the following substances: 
total nitrogen, urea nitrogen, creatinine, calcium and phosphorus. Formed elements of the blood 
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were counted and hemoglobin and hematocrit were measured. Samples of whole blood or serum were 
analyzed quantitatively for glucose, non-protein nitrogen, albumin, globulin, urea nitrogen, phos- 
phorus, calcium, acetylcholine and cholinesterase. Circulating serum acetylcholine was determined 
b}' the method of Wait (5), a procedure which uses the isolated heart of the mollusc Ventis mercenaria. 
The serum cholinesterase was determined by the method of Michel (6) m aliquots of the same samples 
of sera as used for estimating acetylcholine. Cholinesterase activity is reported in \mits of decrease of 
fu per hour in a veronal buffer containing acetylcholine bromide as the substrate. 

Liver function was evaluated in both groups of animals by three different tests that are widely 
used clinically; viz., cephalin flocculation, thjTnol turbidity and bromsulphalein retention. 


RESULTS 

Althougli there was some variation, the average animal commenced to show 
signs of intoxication which became pronounced by the 7th day. A terminal condition 
was reached in about 15 days. 


Table i. Clinical course of 6 noos before and during intoxication from agenized white 

WHEAT FLOUR COMPARED WITH AVERAGE SERUM ACETVLCHOLINE AND SERUM 

CHOUNESTERASE 



1 

1 

VALUES rOS SERUM 

PEWOD 

TVPICAl CMNICAI. COUBSE 

1 

Acetylcholine 

Cholinesterase 

units 

Ratio: 

acetylcholine/ 

cholmesterase 



fiS/lOO »»1. 

ApU/hr 


Control 

Intoidcation* 

Normal behavior 

0.87 

j 

0.47 

i 

2 

Day 4 

Intermittent periods reminiscent of ‘petit 
mal.’ Few if any convulsions 

0-54 

0.60 

1 

Day 7 

Typical epileptiform, convulsions about 
every 4-S brs. 

0.48 

0-59 

I 

Day II 

Typical epileptiform convulsions about 1/ 
hr. 

1.86 

0.34 

5 

Day 15 

‘Status epilepticus,’ convulsions very fre- 
quent (no animal studied when mori- 
bund) 

2.76 

0.06 

1 

46 

1 


^ Mean of two observations on different days, * Observations on single days during progres- 
sive intoxication. 


Alterations in the serum cholmesterase activity and in the concentration of 
acetylcholine in the serum were the only significant metabolic changes found in this 
study (table i). The average value for acetylcholine in the control period was 0.87 
Mg/ioo ml. of serum. The concentration of this substance increased progressively, 
following the appearance of the signs of intoxication, to attain an average final value 
of 3.60 ( 1 %/too ml. of serum. At the same time serum cholinesterase activity decreased 
from an average control value of 0.35 units to a final value of 0,06 units. This decrease 
did not become notable until the clinical signs were well advanced. 

The remaming metabolic measurements showed no consistent or biologically 
significant changes during the period of intoxication. Studies of the formed elements 
of the blood, as well as of the hemoglobin and the hematocrit, revealed no notable 
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variations in value between tbe two periods (table sA). These values were within the 
normal limits for healthy dogs. Similarly, there were no striking variations in blood 
glucose, serum non-protein nitrogen, serum total protein, serum albumun, serum 
globulin, serum A/G ratio, serum urea nitrogen, serum inorganic phophorus or 
serum calcium (table sB). All of the values for these components of the blood and 


Table 2. Average values tor hematology, blood cheotstry, axd urikary excretion products 

OF 6 DOGS before AND DURING INTOXICATION FROM AGENIZED WmTE \\’HEAT FLOUR 


COUPOOTNTl 

COSTSOL PESIOD> 

PEBiOD or nnoxi- 

CAT 10 .V> 

A. Shod — Hematology 


Erythrocytes, millions/mm.’ 

4.3 

4-3 

Leukocytes, thousands/mm.® 

7-4 

8.1 

Hemoglobin, gm/ioo ml. 

13.2 

iJ-S 

Hematocrit, % 

40.3 

39-9 

B, Serum and whole blood chemistry 


Whole blood glucose, mg/ 100 ml. 

100 

81 

Serum non-protein nitrogen, mg/ 100 ml. 

35 

34 

Serum total protein, gm/ioo ml. 

6,0 

6.2 

Serum albumin, gm/ioo ml. 

3-3 

3 -S 

Serum globulin, gm/ioo ml. 

2.8 

2.7 

Serum A/G ratio 

1,2 

1-3 

Serum urea nitrogen, mg/ 100 ml. 

11.9 

II . 7 

Serum inorganic phosphorus, mg/ioo ml. 

5-2 

4.7 

Serum calcium, mg/ioo ml. 

13-3 

12.9 

C. Urine 



Daily volume, ml/day 

128 

^ 13s 

Specific gravity, water = i.ooo 

1-037 

1.037 

Total nitrogen, gm/day 

3-69 

3-27 

Urea nitrogen, gm/day 

1.70 

1. 65 

Creatinine, mg/day 

215 

187 

Calcium, mg/day 

14.4 

II. 9 

Phosphorus, mg/day 

329 

314 


1 None of the measurements listed in table 2 showed consistent or biologically significant differ- 
ences between the control and intoxication periods. 

* Average of 2 measurements on separate days of the control period. 

5 Average of 2-4 measurements toward the end of the period of intoxication. 

serum were well within the normal limits for healthy dogs. Between the control 
period and the test period there were no significant changes in the average daily uri- 
nary excretion of total nitrogen, urea nitrogen, calcium, phosphorus or creatinine 
(table 2C). 

Kidney function remained normal throughout the period of intoxication. The 
daily volume of mine and the average specific gravity of the urine did not var}’- sig- 
nificantly between control and test periods (table 2C), and a well concentrated, 
slightly alkaline urine was produced at all times. No variations from the normal were 
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seen at any time in urinary reducing substances, acidity, protein, bile pigments, 
ketone bodies, free hemoglobin or microscopic formed elements. 

Liver function was not disturbed at any time, as judged by normal retention of 
bromsulphalein in all animals, and by normal results for thymol turbidity. The 
cephalin flocculation was positive in all specimens of serum during both the control 
and experimental periods. This ‘false positive’ result was presumably caused by a 
serum protein peculiar to the dog, and not found in the serum of healthy human 
beings. 


DISCUSSION 

Previous reports from this laboratory by Silver ei al. (3), claiming failure of dogs 
to concentrate urine normally when suffering from the toxic effects of agenized pro- 
tein, seem to be refuted by this study. It is believed by the present authors that this 
misconception arose from the fact that in the former studies the animals splashed 
water from their drinking pans into the urine-collecting bottles beneath the cages 
during convulsive seizures. Such spillage would dilute the urine, causing an apparent 
low specific gravity. In the present study such an experimental error was impossible 
and no changes in kidney function could be detected. 

Hematologic and biochemical studies similar to those reported here have been 
conducted by Newell el al. (7), whose results parallel those of the present report in 
all instances in which similar determinations were done. In addition to the extensive 
negative findings reported, these workers foimd that during periods of intoxication 
there was a definite increase in both magnesium and potassium in the serum. Ad- 
ministration of these ions during periods of acute poisoning, however, failed to pro- 
duce any intensification of symptoms. No explanation of the retention of these ele- 
ments was offered by Newell el al. (7). 

The alterations which occurred in the circulating acetylcholine and cholinesterase 
are the only biochemical evidence of toxic effects to be revealed by the present study. 
Although the changes were definite and statistically significant, the question of the 
specificity of such damages in this type of intoxication cannot be presently answered. 
Changes in the level of circulating cholinesterase are known to occur in relation to 
several disease processes or stress. For instance, cholinesterase is usually lowered in 
chronic liver disease, in hypogonadism and in the ‘alarm reaction’ (8-10). In the 
present study there was no demonstrable liver damage to explain the results. It ma y 
well be that the changes found were secondary to the convulsions, since only after 
the clinical signs were well advanced did the increase in acetylcholine and decrease in 
cholinesterase become pronovmced. Nevertheless, it is of interest, in the light of their 
well known roles in neuromuscular transmission, that acetylcholine and cholinesterase 
should undergo such changes in the presence of an imknown neurotoxin, whose chief 
effect in dogs is the production of convulsions. 

At this writmg the only biochemical changes which have been described in agene 
intoxication involve the blood magnesium and potassium and the acetylcholine- 
cholmesterase relationship described in the present communication. It follows that 
the toxic signs may be based upon changes of a subtle nature, possibly within a cere- 
bral enz3me sj’-stem. 
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SUIULIRY 

The metabolism of 6 dogs was studied intensively to determine wbat, if any, 
changes occur in conjunction wdth intoxication from the ingestion of agenized white 
wheat flour. There was a large increase in serum acetylcholine and a striking decrease 
in serum cholinesterase activity during intoxication. These changes were progressive, 
being greatest toward the end of the period of intoxication. No impairment of kidney 
or liver function could be detected at any time, as judged by widely used clinical and 
laboratory criteria. 

No consistent or biologically significant changes durbg the course of intoxication 
were detected in erythrocyte count, leukocyte count, blood hemoglobin, hematocrit, 
blood glucose, serum non-protein nitrogen, senun total protein, serum albumin, serum 
globulin, serum A/G ratio, serum urea nitrogen, serum inorganic phosphorus, serum 
calcium, urmary total nitrogen, urinary urea nitrogen, urinary creatinine, urinary 
calcium or urinary phosphorus. 

The authors thank Dr. H. H. Scudamore for performing acclylcholinc and cholinesterase 
determinations, and Mr. C. F. Consolazio for supcr\nsing all other biochemistry*. 
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ENZYME STUDIES ON HUMAN BLOOD. V. ESTIMATION OF 
PROTHROMBIN BY AN HOMOLOGOUS-ISOLATION 

METHOD^ 

GEORGE Y. SHINOWARA 
With the technical assistance of Marian M. Starkey 

the Department of Pathology, The Ohio State University College of Medicine 

COLUMBUS, OHIO 

T his laboratoiy has directed its investigations in the coagulation problem 
towards the thrombin-fibrinogen reaction. Thus, the effects of fibrinogen 
concentration and purity (i), of plasma proteins (2), and of heparin (3) on 
this reaction have been reported. In order that similar and other studies could be 
extended to the activation phase, it became apparent that a new technic for the de- 
termination of prothrombin must be developed since the one-stage (4, 5) and the 
two-stage (6, 7) technics did not fulfill certain requirements which included the 
following: homologous reagents; removal of fibrinogen without added thrombin; 
absence of acacia and alb umin in both the activation and final reaction mixtures; 
a stable prothrombin fraction; and a system which could be applied in investigations 
of known and unknown coagulation d3mamics and factors, other than prothrombin. 

Reported in this communication is an homologous-isolation method for the 
determination of prothrombin. Fibrinogen is first removed as Fraction I by the ap- 
plication of the low temperature-alcohol principle of Cohn et al. (8) to a small volume 
of plasma. The supernatant fluid is then treated by a procedure similar to Mellan- 
by’s method (9) for the preparation of prothrombin concentrates except that native 
fibrinogen has been previously separated out. The prothrombin fraction is activated 
with calcium and placental thromboplastin with and without the presence of dilute 
fresh pooled normal plasma. The resulting thrombin is titrated with fibrinogen. 
Both- the thromboplastin and fibrinogen reagents are of hmnan origin and are quan- 
titatively standardized. The final reference of potency is a thrombin preparation 
of the National Institutes of Health. 

One unit of thrombin is defined here as that in 0.2 cc. volume which will clot 
0.8 cc. of fibrinogen solution containing 0.15 to 0.3 per cent clottable protein in 15 
seconds at V/2 0.129, pu 7.2. One unit prothrombin is that wliich when fully ac- 
tivated at 7.2 25 to 28° C., with optimum concentration of calcium and known 
excess thromboplastin, will result in one unit of thrombin within 30 minutes. One 
unit of thromboplastin is the minimum required to convert one prothrombin unit 
to one thrombin unit. 

Received for publication June 21, i 949 ' 

^ Fibrinogen fractions were prepared in this laboratorj- from dried plasma processed from 
volunteer donors enrolled by the American Red Cross. Standard human thrombin powder was 
obtained through the courtesy of the Division of Biologic Control of the Xational Institutes of 
Health, Bethesda 14, Md. 
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The results by this new teclinic on 24 normal plasma samples are compared with 
those obtained by the thrombin method, a modification of the two-stage technic 
(7): Plasma is first defibrinated with thrombin; however, acacia has been omitted 
and homologous reagents are employed. Data on duplicate experiments with 7 other 
samples of plasma to evaluate the error of a single determination and of prothrombin 
recovery are also presented. In addition, methods for the preparation and stand- 
ardization of human placental thromboplastin are described. 

METHODS AND JLATERLALS 

Citraie-PIwspJiafe Bu^cr. This buffer, P/a, 0.129 7 * 2 , consists of 250 cc. 

1/15 M Sorensen buffer, pn 7.1, and 75 cc. of o.i m sodium citrate in one liter solution 
(i) and unless otherwise indicated it was employed throughout this work. A glass 
electrode electrometer, standardized daily, was employed for all pn determinations. 

Bujfcred 55 Per Cent ElhanoL Sufficient acetate buffer, o.S m, pii 4.0, was added 
to 53.3 per cent ethanol (8) so that when 0.72 cc. of this buffered alcohol was mixed 
with 4 cc. of plasma at —3° C., the final pK would be 7.2 ± 0.2. In the present work 
on fresh liquid plasma, o.S cc. acetate buffer added to 72 cc. 53.3 per cent ethanol 
was adequate as evidenced by pn control experiments on separate aliquots of in- 
dividual plasma samples. Similar studies should be made by each laboratorx' and for 
various t}q)es of plasma. This reagent was stored in a —25° C. refrigerator. 

Preparation of Human Placental Thromboplastin . Within two hours after parturi- 
tion the placenta was stripped of tlie cord, large blood vessels and clots; rinsed with 
cold distilled water; sponged with gauze; and then weighed. When not in use, the 
glass bowl of the I^^aring Blendor was placed in a —25° C. refrigerator. The tempera- 
ture of the citrate-phosphate buffer and the centrifuge (International PRi) was 
between 0° and -l-i° C. throughout tlie following procedure. The organ was cut into 
small slices, blended with an equivalent weight of citrate-phosphate buffer for 3 to 5 
minutes, and then centrifuged at 700 g for 15 minutes. The sediment was again 
extracted witli one-half volume of buffer. The two extracts were combined and the 
volume adjusted with buffer so that 150 cc. was equivalent to 100 gm. of tissue. This 
crude tissue extract, which was found to be stable indefinitely at — 25° C., was then 
processed according to Chargaff’s principle (10). A convenient volume, usually 150 
cc., was centrifuged in an angle head at 32,000 g for 30 minutes. The supernatant 
fluid was decanted off and the sediment was blended approximately one-half minute 
with buffer, volume one-half that of the original crude tissue extract, and then 
centrifuged at 32,000 g for 30 minutes. This step was repeated 4 to 6 times or until 
the supernatant fluid contained less than 5 mg. per cent protein by the sulfosalicylic 
acid turbidity method (ii). The final sediment was lyophUized, initial temperature 
was — 25° C. and pressure was 60 micra mercury. The resulting crude thromboplastin 
powder was weighed and stored over silica gel in a vacuum desiccator in which it 
was foimd to be stable indefinitely. Stock thromboplastin solution was prepared on the 
day of an experiment as follows: A i per cent suspension of tlie crude powder in 
citrate-phosphate buffer was stirred and heated at 56° C. for 5 minutes and then 
allowed to sediment for at least 15 minutes. The fluid was pipetted off and filtered 
through four layers of gauze. 



November ig4Q 


ENZYME STUDIES ON HUMAN BLOOD 


305 


Standardization of the Thromboplastin Solution. To i cc. of diluted pooled normal 
prothrombin fraction, 10 units/ cc., was added 0.5 cc, of varying dilutions, i per cent 
to 100 per cent, of stock thromboplastin solution and 0,5 cc. 0.025 CaCb and tested 
as in the isolation technic described below. The lowest concentration of the stock 
thromboplastin solution resulting in the maximum conversion of prothrombin to 
thrombin was considered the end point. Both the stock and working solutions did 
not clot upon addition of thrombin, did not clot fibrinogen solutions in the presence 
of optimum calcium concentration, and were stable for at least one working day at 
room temperature. 

Standardization of Calcium. The optimum calcium concentration was determined 
by essentially, the same procedure as employed for the thromboplastin standardiza- 
tion. To activation mixtures were added 0,5 cc. volumes of calcium chloride solutions, 
0.005 to 0.100 M. That concentration, 0.025 resulting in maximum thrombin 
formation was selected as the standard reagent. 

Standard Fibrinogen Solution. Fraction I, of at least 60 per cent purity in respect 
to fibrinogen, was prepared from human plasma by method 6 of Cohn el al. (8). A i 
per cent suspension of the powder was stirred in citrate-phosphate buffer at room 
temperature for 20 minutes and then centrifuged for 20 minutes at 1500 g. The 
supernatant fluid, on which total and clottable protein was analyzed for each lot of 
Fraction I powder, was then diluted with buffer to 0.15 to 0.30 per cent fibrinogen, 
the optimum concentration as previously established (i). This standard solution did 
not clot at room temperature in one working day nor did the clotting time with 
standard thrombin vary significantly during this period. 

Standard Thrombin Solution. Human thrombin from the National Institutes of 
Health (N.I.H.) 12.5 u/mg., was dissolved in citrate-phosphate buffer to contain 
50 Tj/cc. Small aliquots were stored at —25° C. The working solution, usually a i 
to 10 dilution of the stock, was stable for at least one day in an ordinary refrigera- 
tor. 

Titration of Thrombin. The stop watch with a hidden face was started at the 
moment 0,2 cc. of thrombin solution or prothrombin activation mixture was blown 
into 0,8 cc. standard fibrinogen solution, contained in a test tube (i.d., i cm.) pre- 
viously equilibrated in a 37.5° C. water bath for 20 seconds. During the first 4-second 
period, the pipette was put aside and the test tube was shaken. Then the tube was 
placed in an almost horizontal position, lowered to a 25° angle and restored to the 
horizontal position at the rate of 3 cycles every 5 seconds. The first visible clot for- 
mation was taken as the end point. The unit of thromb in/0.2 cc. was found by re- 
ferring to a clotting time concentration curve (fig. i) obtained by repeated tests 
with N.I.H. thrombin solutions. This reference cur\-e should be prepared by each 
laboratory. 

Collection of Blood. Ten volumes of blood was obtained from each normal in- 
dividual with a syringe containing one volume of 4 per cent sodium citrate solution. 
The blood was centrifuged in calibrated 15 cc. graduated tubes at i C., 1650 g, for 
30 minutes. Therefore, the plasma hematocrit was read directly so that corrections 
could be made for the citrate dilution. For this particular study, 15 cc. citrated whole 
blood was obtained since prothrombin was determined by two methods and other 
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analytical tests were done. For the isolation technic alone, lo cc. blood added to x 
cc, sodium citrate was found to be adequate. 

Isolation Technic for Prothrombin. Exactly 4.0 cc. of fresh citrate plasma was 
pipetted into a test tube measuring 13 mm. (i.d.) by 85 mm. The tube was then placed 
in a —3“ C. alcohol bath. When the temperature of the plasma was o® C., 0,72 cc. 
buffered alcohol was added with constant mechanical stirring. A calibrated i cc. 
tuberculin syringe and a no. 24-gauge needle were used for the alcohol addition which 
took approximately one-half minute. The alcohol-plasma mixture was then stirred 
for at least 15 additional nunutes and then centrifuged at —3° C., 1670 g, for 25 to 



Fig. I. Clotting time of buman fibrinogen solution witb varying concentrations of tbrombin 
Thrombin 0.2 cc. added to 0.8 cc. of 0.25 per cent fibrinogen solution previously equilibrated at 
37.5° C. Citrate-phosphate buffer, r/2, 0.129; fn 7.2. 

30 minutes. The fibrinogen fraction precipitate, which was saved for other stu<hes 
(12), was firmly packed. Therefore, the test tube cotdd be completely inverted, 
resulting in an almost quantitative transfer of the supernatant fluid into 40 cc. of 
0° C. distilled water in a 50 cc. centrifuge tube with constant mechanical stirring 
and with temperature maintained at 0° to -}-i° C. Then, 2.8 cc. o.io m acetic acid 
was added to a pn 5.05 ± 0.05. The tiurbid solution was stirred for an additional 
5 minutes. In 20 to 30 minutes, the now flocculent solution was centrifuged at -}- r ° C., 
1670 g, for 30 minutes. The supernatant fluid was decanted off and the tube inverted 
for one minute at 0° to -j-i° C. The inner wall of the tube was wiped with a clean 
chilled gauze without disturbing the precipitate. Immediately, 4 cc. of 0° C. citrate- 
phosphate buffer was added directly to the sediment and stirred with a i cc. sero- 
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logical pipette two or three times during the next 20 minutes. The resulting solution, 
pE. 7.0-7. 1, was stable for at least one day in an ordinal}'’ refrigerator and there- 
fore no special haste to proceed to the next step was necessary. To 0.15 cc. or more of 
the prothrombin solution was added buffer to i cc. volume and 0.5 cc. thromboplas- 
tin solution, 50 it/cc. The addition of 0.5 cc. 0.025 calcium chloride solution to the 
mixture at 25 to 28° C. began the activation time. Thrombin was determined on 0.2 
cc. aliquots at least three times during the last 10 minutes of the 30-minute activation 
period. A mean of the two lowest consecutive clotting times was taken as the end 
point. An identical activation mixture, except that 0.2 cc. of i to 40 diluted fresh 
normal pooled plasma was substituted for an equal volume of buffer, was also made 
up and similarly titrated for thrombin. As control measures to make certain the 
absence of fibrinogen and thrombin in the prothrombin solution, 0.8 cc. and 0.2 
cc. aliquots were added to 0.2 cc. (i tr) thrombin and 0.8 cc. standard fibrinogen 
respectively, and the clotting times taken. The prothrombin fraction remaining from 
each test was frozen at —25° C. or lyophilized and saved for other studies. 

Thrombin Technic for Prothrombin. To i cc. of fresh citrated plasma was added 
I cc. (5 Tj) of thrombin. Clotting occurred in less than 1 5 seconds. In 5 to 10 minutes 
the clot was retracted and removed with an applicator stick. Without delay 0.25 cc. 
or more of the defibrinated plasma was activated as m the isolation technic with the 
following differences: A more concentrated thromboplastin solution (500 tr/cc.) was 
necessary and the thrombin titrations were done every minute beginning two minutes 
after the calcium addition. The mean of the two lowest consecutive clotting times 
was taken as the end point. For a control, 0.2 cc, of the defibrinated plasma was 
added to 0.8 cc. of standard fibrinogen solution to test for possible thrombin. In 
every test the activation mixture was carefully examined for the presence of fibrin 
granules or clots. 

1,0 cc. 

Calculation of Prothrombin. The following equation was employed: T X 

X C = u/cc. plasma; where T was the units thrombin obtained from figure i; 

C was the correction for the citrate dilution of plasma; and, in respect to the acti- 
vation mixture, 0.2 cc. was the volume titrated for thrombin, V was the volume 
in cc. of prothrombin solution or defibrinated plasma added, and 2.0 cc. was the 
total volume. Therefore, in the isolation technic the above equation was simplified: 

r X y X C = u/cc. plasma; and in the thrombin technic, since the plasma was 
diluted initially with an equal volume of thrombin, T X X C = u/cc. plasma. 

RESULTS 

The clotting time data from several experiments with human Fraction I and 
National Institutes of Health thrombin, 12.5 u/mg., are depicted in figure i. The 
resulting curve between 12 and 18 seconds generally constituted the thrombin titra- 
tion standard for this study. Clotting times outside of this range were utilized for 
exceedingly low concentrations of prothrombin, below 10 u/cc. by the isolation 
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teclinic, and for the estimation of the most suitable volume of the solution to be added 
in the activation mixture. 

Another series of experiments was made to demonstrate the effect of acacia on 
the titration of thrombin. The stock 15 per cent acacia solution was prepared ac- 
cording to Ware and Seegers (7). In each experiment, N.I.H. thrombin was weighed 
and dissolved in citrate-phosphate buffer to contain 10 ir/cc. The results in table i 
show that acacia greatly accelerates the thrombin-fibrinogen reaction time and 
indicates that one unit as determined in this laboratory equals i.o N.I.H. unit or 
2.46 units of Ware and Seegers (7) when human fibrinogen fraction prepared by 
Cohn’s method (8) was used as the substrate. 

Figure 2 demonstrates not only the results obtained by varying concentrations 
of thromboplastin but also the greater requirements of this reagent by thrombin- 
defibrinated plasma than by prothrombin fractions. Therefore, since a 4 per cent 
stock solution was the minimum concentration resulting in the lowest clotting time 


Tabie I. Effects of acacia and other factors on titration of thrombin 


COMPOKEKTS; TITHATION MIXTUBLE 

3 tESn.TS 

Thombin Solution 

Human Fraction I 

Units Feund/Tneoryt 

Acacia Cone. 

Vol. 

Cone, 

Vol, 

Experiment 

Mean 

fer cent 

CC. 

% 

cc. 

A 

B C 



0.0 

0.2 

0-3 

0.8 

0.99 

1.06 0.96 

1. 00 


0.0 

0.4 

1.0 

0,1 

0.92 

1.07 0.97 

0.99 


2-5 

0.4 

1.0 

0,1 


2.52 2.39 

2.46 



^ Three N.I.H. thrombin solutions containing 10 tt/cc. were diluted so that clotting times 
ranged between 13 and 17 seconds on tlie thrombin-clotting time curve (fig. i) 


a 2.5 times stronger solution or a 10 per cent stock solution was employed in the 
isolation technic. Similarly, 2.5 X 40 per cent or a 100 per cent stock thromboplastin 
solution was the working reagent used in the tlirombin technic. 

The foregoing results are identical to those of many other experiments. The 
average yield of the crude thromboplastin powder was 580 mg/ioo gm. human 
placental tissue. The average potency results from 5 experiments in units thrombo- 
plastin expressed variously were as follows: 2g,ooo/xcx> gm. tissue; 50/mg. crude 
powder; 500/cc. stock solution; or 5000/mg. total tyrosine equivalent. 

A typical experiment showing the widely diverse activation curves obtained 
by the thrombin and the isolation technics is depicted in figure 3. In the former, 
there was a critical minimal clotting time, between 5.5 and 8.5 minutes after the 
addition of calcium in plasma samples with normal prothrombin. With lower con- 
centrations of prothrombin, the optimum activation time occurred more rapidly 
and the anti thrombin activity was even more apparent. On the other hand with 
the isolation technic and with all ranges of prothrombin, tlie clotting time dropped 
up to 20 minutes and then levelled off durmg the remainder of the 30-minute activa- 
tion period. 

In the experiments with the isolation technic the total tyrosine equivalents of 
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the whole citrated plasma and its various fractions were determined with phenol 
reagent (i). The Coleman Jvmior Spectrophotometer at 650 mu was the instrument 
employed. The results m table 2 clearly demonstrate chemically the efl&ciency of 
the fractionation procedure. The mean sum of the tyrosine equivalents of all the 
fractions was 95 -^ psr cent of that found in whole plasma. The prothrombin fraction 
represented approximately 5.5 per cent of the total t3n:osine equivalent of the origmal 
sample. 



7 o stock Thromboplastin Solution 

Fig. 2. Vasiation in xheomboplastin requirements in two tedmics. O — O : Thrombin 
technic; optimum activation time, 5.5-8.S minutes. • #: Isolation technic; optimum activa- 

tion time, 20-30 minutes. Activation: 25-28® C.; pn 7.2. 


Another series of experiments, in duplicate, were done on 7 individual samples 
of plasma to evaluate the error of a single determination at varying concentrations 
of prothrombin. In each of plasma no. V, VI and VII, the experimental procedure 
was as follows: Twice-Seitz filtered plasma (20 cc/6 cm. S.T. pad) was mixed with 
varying volumes of the origmal plasma. The results by both technics are recorded 
in table 3. It can be concluded from the analysis of variance on data obtained on a 
series of duplicate tests, zero prothrombin results excluded, that the error of a single 
determination in the isolation technic was 2.1 u/cc. (ii degrees of freedom) in plasma 
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samples with prothrombin rangmg between 20 and 85 u/cc; and in the thrombin 
technic, 4.8 tr/cc. (10 degrees of freedom) between 20 and 100 u/cc. That plasma 
treated simply by t^\’ice-Seitz filtration, for all practical purposes, does not contain 
prothrombin was determined as follows: Prothrombin fractions were obtained by 
the isolation technic. Maximum volumes, 0.8 cc. of tliis fraction, were added in the 
activation mixtures. After 20, 30 and 40 minutes activation, 0.2 cc. volumes of the 
mixtures were added to 0.8 cc. standard fibrinogen solutions. Clots and granules 



Prothrombin Activation Time ^Minutes) 

Fig. 3 Variatioks in activation phase of two technics. O — O : Thrombin technic; 0.20 cc. 

defibrinated plasma in activation mixture. # •: Isolation technic; 0.20 cc. prothrombin 

fraction in activation mixture. Activation: 25-28° C.; pu 7.2. 


were absent after 70 seconds, 4 hours, and even 60 hours of observation. In identical 
experiments with the same volume of prothrombin fractions containing, however, 
2.5 u/cc., definite clots formed in 70 seconds in contrast to no clot in 60 hours. In 
experiments with mixtures of filtered and non-filtered plasma, the prothrombin 
data in table 3 calculated for the found/expected percentages were as follows: isola- 
tion technic, 96.2, 92.2, 106.0 and 99.5 per cent; thrombin technic, 80.9, 114.0 and 
84.0 per cent. The foregoing results obtained with the isolation technic were inter- 
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preted as additional evidence for the complete removal of prothrombin with Seitz 
filtration alone. 

The mean prothrombin content in u/cc. of fresh plasma on 24 normal individuals 
ranging in age from 21 to 34 years are recorded in table 4. The correlation between 
the data obtained by the two technics indicated only that the results were generally 
lower with the isolation technic. The thrombin controls in all tests by both technics 
were negative in 2 minutes and in 24 hours. In the isolation technic, the fibrinogen 
controls showed no dots or granules after 2 minutes, when one unit of thrombin was 
added to 0,8 cc. of prothrombin fraction. That fibrmogen was completely removed in 
the defibrinated plasma was evident in the thrombin technic by the absence of fibrin 
dots or granules in the activation mixture. The addition of fresh normal pooled 
human plasma in 1 to 400 concentration in the activation mixtures did not have any 
effect on the results by either technic. 


Table 2. Fractionation of plasma by the isolation technic 


T?HOlE PIASilA OR TRACTIONS 

N 

TOXAL TYROSINE EQTIIVAXENT/CC. PUISUA 

Whole Plasma 

29 

Utan 

mg. 

3.010 

mg. 

.280 

1 

c.v. 

% 

9.14 


I 

24 


.05. 1 

16.40 

Fractions 

Prothrombin 

24 

.167 

.017 

10.18 


pH 5.05 Supernatant 

24 

2.400 

.220 

9.10 


Total 

24 

2.878 




DISCUSSION 

Any attempt to interpret the results obtained in this study requires first a 
critical examination of the analytical teduucs employed as compared with other 
methods for the estimation of prothrombin. The similarity of the thrombin techmc 
and the two-stage method of Warner, Brinkhous and Smith (6) as further modified by 
Ware and Seegers (7) is evident in table 4. The normal result for prothrombin in 
fresh human plasma is reported by the latter as approximately 172 u/cc. with bovine 
Fraction I as the substrate in the thrombin titration; and 300 to 350 u/cc. with a 
more reactive fibrinogen preparation. In the present work, iio.o u/cc. was found 
with the thrombin technic which differs principally in that standard fibrinogen 
fraction and thromboplastin of human instead of bovine origin are used and that 
acacia is absent. Acacia is employed in the modified two-stage technic to permit a 
greater dilution of plasma resulting thereby in the diminution of antithrombin 
activity (7). However, it was omitted here, since in all our studies on factors in- 
fluencing prothrombin conversion only physiological reagents have been used. It 
was found that acacia alone causes a 2.46 times greater reactivity in the thrombin- 
fibrinogen reaction, confirming the report of Seegers and Smith (13)* Therefore, 
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acacia is, at least, a partial explanation for the higher values for fresh normal human 
plasma with the modified two-stage technic of Ware and Seegers (7) than with the 
similar thrombin technic. 

The results on the same specimens with the isolation technic averaged 82.4 
u/cc. which is somewhat lower than that obtained by the thrombin technic. There 
are several other concrete differences in the two methods. Defibrination with throm- 
bin is not necessary in the isolation technic, since native fibrinogen is separated out 
as Fraction I. It may be more appropriate to designate the thrombin technic as a 
three-stage procedure since the reaction of added thrombin with plasma constitutes 
an active coagulation process. Ware and Seegers (14) found that thrombin has vari- 
able effects on prothrombin, depending on their relative concentrations. 


Table 3. Dotltcate analysis by the isolation and thrombin technics on samples containing 

VARYING CONCENTRATIONS OF SEITZ-FaTERED PLASXLA 


% SEOT-rtLTERED 
PLASIIA. IK SAMTIX 

PROTHIOUTJIK »ES1 

Isolation Tccbnic 

JI.TS: tj/CC. rtASiLV 

[ Thrombin Technic 

n 

b ] 

Mean 

Expected 

a 

b 

Mean 

Expected 

o%I 

49.6 

51.2 

50,40 


72.0 

71.6 

71.80 


o%n 

57-3 

60. s 

59.05 


1 

80.4 

77.00 


o%in 

60.5 

63,2 

61 485 


85.4 

95.6 

90.50 


o%IV 

S8.6 

SS-6 

57-10 


83.7 ! 

as.o ! 

85.8s 


o%V i 

63-9 

6S.3 

66. xo 


90.4 

96.0 

93-20 


50 % V 

32.3 

31-7 

32.00 

33.05 

36.6 

CO 

CO 

<0 

37.70 

46.60 

100% V 

0.0 

0.0 

0.00 


0.0 

0.0 

0.00 


o%VI 

69-3 

70.0 

69.65 


89. 6 

104.0 

96. 8 


50% VI 

33-3 

30.7 

32.00 

34.83 





100% VI 

0.0 

0.0 

0,00 






o%vn 

87.5 ! 

82,1 

84.80 


99.7 

95-0 

97.3s 


50% vn 

46.6 1 

43-3 

44-95 

42.40 

54-3 

54-7 

55.50 

48.68 

75% vn 

21.2 

21.0 

21.10 

21.20 

23.1 

17.S 

20.45 

1 24.34 

100% vn 

0.0 1 

0.0 

0.00 


i 0.0 

0.0 

0.00 



Another difference in the two methods lies in the nature of the prothrombin con- 
version, It has been shown in this study that the maximum thrombin titer in human 
plasma with the thrombin technic occurs at a critical point after which the enzjune 
rapidly disappears. This phenomenon has been previously demonstrated by Warner, 
Brinkhous and Smith (6). Even with the modified two-stage technic, Ware and 
Seegers (7) have reported the problems arising from increasing antithrombin ac- 
tivity in low dilutions of plasma and therefore in low prothrombin values. On the 
contraiy, with the isolation technic, the thrombin titer reaches a maximum in ap- 
proximately 20 minutes and then it is stable for the remainder of the 30-minute 
activation period and longer. Evidently, substances acting as antithrombin have 
been largely removed in this technic. 

In another communication (2) it was shown that plasma proteins have a pro- 
nounced effect on the thrombin-fibrinogen reaction. However, in the isolation technic, 
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the low protein concentration (see table 4) would exclude this effect as an accessory 
factor. 

The thromboplastin requirement in the thrombin technic is approximately 10 


Tab£e 4 . Characteristics oe tour technics eor determination oe prothrombin 


CHARACTERISTICS 

ISOLATION 
PRESENT STUDY 

THRCniBIN 
PRESENT STUDY . 

MODiriED TWO-STAGE 
WARE-SEEGERS (7) 

ONE-STAGE 

QUICK (4, S) 

Removal: Plasma 
Fibrinogen 

As Fraction I 

With Thrombin 

With Thrombin 

None 

Activation mix- 





ture; 





Calcium cone. M 

0.0062 

0.0062 

0.0039 

0.0083 

Thromboplastin 

Human placenta 

Human placenta 

Bovine lung 

Rabbit brain 

source 





Thromboplastin 

12.S u/cc. 

125.0 u/cc. 

excess 

excess . 

cone. 





Albumin^ % 

0.000 

0.180 

0.021 

1. 000 

cone. 





Globulin^ % 

0.024 

0.180 

0.021 

1. 000 

cone. 





Fibrinogen* % 

0.000 

0.000 

0.000 

0.100 

cone. 


! 



Acacia % cone. 

0.000 

0.000 

2.500 

0.000 

Labile factor (s) 

Human plasma 

Human plasma 

Bovine serum 

None 

added 





Titration mixture: 





Fibrinogen 

Human Fraction I 

1 Human Fraction I 

Bovine Fraction I 

Same as activation 

source 




mixture 

Fibrinogen % 

0.12-0.24 

0.12-0.24 

app. 0.2 


cone. 





Albumin* % 

0.000 

0.036 

0.017 


cone. 





Globulin* % 

0.00$ 

0.036 

0.017 


cone. 





Acacia % cone. 

0.000 

0.000 

2.000 


Standard 

Human thrombin 

Human thrombin 

Thrombin 

12.5" = 100% - 

Normal Values 





N 

24 

24 

5 * 


Mean 

82.4 u/cc. 

iio.o u/cc. 

172.0 u/cc. 

> 70% of normal 

±S.D. 

17-3 

14.6 u/cc. 




‘ Based on human plasma mth 3% albumin, 3% globuUn, 0.3% fibrinogen, normal prothrom- 
bin. 

2 Dr. Walter H. Seegers, Wayne University, Detroit. Personal communication, 1949. 


times greater than that in the isolation technic. It is concluded that, m the latter, 
any antithromboplastin activity has been largely eliminated. Experience during 
the last 10 years in this laboratory has shown that the standardization of thrombo- 
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plastin reagent is the most important factor influencing the accuracy of prothrombin 
determinations with any technic. Therefore, in the present study, this reagent is 
titrated with prothrombin solutions of known activity and a 2.5 times excess em- 
ployed in the two technics. The latter was arbitrarily chosen as sulScient for an 
adequate margin of safety in analysis of normal plasma: It is also an application of 
the concept of a controlled excess of a component in the study of a biological system. 
The simple procedure described here resulted in human thromboplastin preparations 
which satisfied the criteria established for the present study. These included sta- 
bility, standardization, high yield, moderate activity and, most important, absence 
of other coagulation factors. The last was achieved by repeated high gravity centrif- 
ugation and by heating at 56° C., and confirmed by control tests. The ready avail- 
ability of fresh human placenta in comparison to brain or lung of any species requires 
no further comment. 

One of the most important of recent developments in the field of coagulation 
has been the discovery of the new Factor V of Owren (15), accelerator factor of 
Fantl and Nance (16), Ac-globulin of Ware, Guest and Seegers (17), and the labile 
or plasmatic co-factor of Quick (18) and Honoratio (19). This factor was considered 
in this study by the introduction of fresh diluted plasma into prothrombin conversion 
mixtures. However, no significant change in the conversion rate or the strength of 
prothrombin could be observed over the controls in any of the determinations in 
fresh normal plasma by either the isolation or thrombin technics. Therefore, it is 
assumed that this new factor e.xisted in adequate amounts. Murphy and Seegers 
(20) have shown that fresh normal human plasma contains very little Ac-globulin 
and that almost identical prothrombin results are obtained with or without the added 
factor. 


SUMMARY 

An homologous isolation technic for the determination of prothrombin on 4 cc. 
samples of plasma is described. It is based on the low temperature, low ionic strength 
alcohol removal of Fraction I (Cohn) and the subsequent isoelectric precipitation of 
a stable thrombin- and fibrinogen-free prothrombin fraction. The latter is activated 
with an optimum concentration of calcium and a known excess of placental thrombo- 
plastin. The resulting thrombin is titrated with a fibrinogen solution. A standard 
thrombin preparation is the final reference of potency. Methods for the preparation 
and standardization of fibrinogen and thromboplastin are outlined. Results from 
experiments to evaluate the error of a single determination, the recovery of pro- 
thrombin, the efficiency of the fractionation, and the reaction with thromboplastin 
are presented. The average value obtained on 24 normal individuals ranging in age 
from 21 to 34 years is 82.4 u prothrombin/cc. plasma. 
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EFFECT OF BLOOD PLATELETS ON PROTHROMBIN 
UTILIZATION OF DOG AND HUMAN PLASMAS^ 

J. A. BUCKWALTER, W. B. BLYTHE and K. M. BRINKHOUS 
From the Department of Pathology, University of North Carolina 

aiAPEL HILL, NORTH CAROLINA 

I T HAS been demonstrated, qualitatively, that the rate of blood coagulation 
is related to the presence of blood platelets. This relationship has been known 
to exist in bird blood since the investigations of Delezenne (i). In mam m alian 
blood, however, conflicting data and opinions regarding the r 61 e of platelets in co- 
agulation have been published during the past half-ccnturj'. Only in the past decade 
has it been clearly demonstrated that platelets play an important rOle in the clotting 
process. In 1939 one of us (2) showed that prothrombin is slowly utilized in human 
blood if it is immediately centrifuged to reduce the number of platelets present dur- 
ing clotting. More recently, Jaques and co-workers (3) showed that platelet-poor 
plasmas have a prolonged clotting time. In their e.xperiments, platelet alterations 
during the preparation of plasma were prevented by use of silicone-treated equip- 
ment. Later \vork demonstrated that plasma, carefully prepared with a silicone 
technique to minimize or prevent platelet rupture, clots ver>^ slowly or not at all when 
freed of platelets. Incoagulable platelet-free plasma has been obtained from both 
human and dog blood (4, 5). 

The purpose of this investigation was to determine the platelet levels at which 
impairment of the clotting process appears, and to compare the platelet requirements 
of human and dog blood. 


METHODS 

The method for obtaining the blood and plasma was as follows: syringes, needles (i6-jS gauge) 
and glassware were treated with a 10 per cent solution of a methychlorosilane (General Electric 
Dri-Film) in benzene. Blood was obtained from the e.xtemal jugular vein in the dog and from the 
cephalic vein in the human. No samples were used in which difficulties were encountered in the vene- 
puncture or in blood withdrawal, or in which there was evidence of lipemia. The blood was collected 
in a series of three syringes. In the first syringe, 4 to 6 ml. of blood were obtained for determination 
of the hematocrit. In the second syringe, 4 ml. of blood were obtained for platelet coimts. And in 
the third, 45 to 50 ml. of blood were obtained without anticoagulant for the clotting studies. Blood 
from the last syringe was cooled rapidly in silicone-treated tubes in an ice bath. To reduce the number 
of platelets to the desired level, the blood was centrifuged for varying periods of time in angle centri- 
fuges. For dog samples, a centrifugal force of about 1450 g for 2 to 15 minutes was used. For human 
samples the centrifugal force was about 1650 g for the same periods of time. To obtain platelet-poor 
plasmas containing less than 5,000 to 10,000 platelets per cu. mm., a centrifugal force of about iS»oo® 
g was used. Collection and centrifugation of the blood were carried out in a constant temperature 
room (2° C.). 
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Two measures of the rate of clotting were used, the dotting time and the prothrombin utiliza- 
tion rate. In both tests, timing of the clotting process was started when the blood or plasma was 
placed in ordinary glass tubes. For the clotting time determinations, i ml. of whole blood or 0.5 ml. 
of native plasma was transferred with a silicone-treated needle and s3uinge to each of two dry ro x 
75 mm. glass tubes. For the determination of the rate of prothrombin utilization (2), blood or plasma 
was transferred in a similar manner to a series of tubes containing o.rs ml. of imidazole buffer at 
ps 7.3 (6). At frequent intervals during the next 50 to 60 minutes, the contents of each of two tubes 
were mixed with 0.12 to o.r6 ml. of 3.2 per cent sodium dtrate solution to stop the conversion of 
prothrombin to thrombin. Prothrombin determinations, using the two-stage method of Warner, 
Brinkhous and Smith (7, 8), were made promptly on the plasma or serum. The above procedures 
were carried out at 27° to 28° C. 

Platdet counts on the whole blood were performed by a modification of Nygaard’s method 
(9), using 4 parts of 3.2 per cent sodium dtrate to one part of whole blood. After sedimentation of 
dog blood for 15 minutes, and of human blood for 30 minutes, supernatant plasma was transferred 
to a counting chamber and the platelets coimted. Direct platelet coimts were made on the native 



plasma spedmens obtained by centrifugation. One of us (J. A. B.) performed all the counts, which 
were done in duplicate or triplicate. 

RESUXTS 

Sixteen healthy adult dogs and 9 healthy adult human subjects, selected without 
regard to sex, were used. In aU, 48 experiments were performed on dog blood and 32 
experiments on human blood. The mean number of platelets for dogs was 383,000/ 
cu. mm. of whole blood, or 658,000/cu. mm. of plasma, with a standard deviation 
of 82,000. The mean value for the human subjects was 285,ooo/cu. mm. of whole 
blood, or 549,000/cu. mm. of plasma, with a standard deviation of 59,000. 

The results of one group of experiments with dog blood are given in figure i 
and table i. This group exemplifies the experimental procedure followed throughout 
this work. The residual prothrombin content of the whole blood and plasma samples 
during the course of clotting is shown in the figure. It is seen that in the plasma with 
58 per cent of the original number of platelets (curve II), the prothrombin disappeared 
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at the same rate as in the whole blood (curve I). Plasmas containing 22 per cent of 
the original number of platelets or less (cur\'’cs III and R*) showed a considerable 
retardation of the rate at which prothrombin disappeared. The plasma in which only 
a few platelets remained showed no loss of prothrombin during the experimental 
period (curve V). 

To obtain a numerical expression of the extent of the retardation of clotting, 
a prothrombin utilization index was devised. This index represents the ratio of the 
amount of prothrombin utilized in the plasma to the amount utilized in the normal 
whole blood. The method of calculation of the index is shown in table, i. The inter- 
polated points on the whole blood curve (fig. i) at which 75, 50, and 25 per cent 
of the original prothrombin remained in the serum were selected. The times on the 


Table i. Effect of platelet content of PLASitA on clotting time .and prothroubin 

UTILIZATION INDEX 


OTEVE 
NO. (see 

fig. 1) 


PIATEIXTS 

i 

CLOTTING 

xdg: 

TxonnouBiN 
! UTILIZED 

! psoraEOJtBiN 
UTtttZATIO.I INDEX 

Per cu. 
mm. of 
plasma 

X 10' 

No. re- 
lative to 
tvhole 
blood 

Minutes 

19 

2 S 

35 




/O 

m.\n. 

To 

m 

% 


I 

Whole blood 

650 

ICO 

9 

25 

50 

75 


n 

Plasma (2 min. centri- 

380 

58 

10 

25 

50 

75 

— or 1.0 


fugation) 



1 




150 

m 

Plasma (3 min. ccn- 

140 

22 

1 

14 

8 

15 

31 

— or 0.36 


trifugation) 







ISO 

g 

w 

Plasma (4^ min. ccn- 

86 

13 

27 

0 

0 

8 

— or 0.03 


trifugation) 







130 

V 

Plasma (150 min. ccn- 

< 0-3 

<i 

>35 

0 

0 

0 

— or 0.00 


trifugation) 







ISO 


abscissa were found to be 19, 28, and 35 minutes respectively. Then the corresponding 
prothrombin values on the plasma curves were obtained. The average ratio of the 
prothrombin utilized at the indicated times was then determined. Values of less than 
i.o indicate that clotting is impaired — tlie slower the clotting the lower the value of 
the prothrombin utilization index. 

Figures 2 and 3 show the relationship between the platelet content of plasma 
and the rate of clotting. In the dog plasmas, it will be observed that an impairment 
of clotting occmrred when the number of platelets was reduced below about 35 P^r 
cent of the number present in whole blood, or about 230,000 platelets per cu. mm. of 
plasma (fig. 2). In the human plasmas, on the other hand, no impairment of clotting 
was evident until the number of platelets was below about 25 per cent of the original 
value, or about 135,000 platelets per cu. mm. of plasma (fig. 3). When the platelets 
were reduced to a range of 5 to 15 per cent in dog plasma, frequently no prothrombin 
disappeared during the period of observation. In these cases, the prothrombin utiliza- 
tion index was o. In human plasma, considerably greater reduction in the number of 
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platelets was required to prevent utilization of prothrombin in the experimental 
period. 

The clotting time was a less sensitive index of changes in the course of clotting 
than was the prothrombin utilization rate. In human plasma, even with a reduction 
of platelet levels to 5 per cent of the original whole blood values, no prolongation of 
the clotting time was noted. Only when the platelets were at a level of about one per 
cent or lower, was a consistent delay in clotting time observed. In dog plasma, on 
the other hand, a prolongation of the clotting time was observed regularly when the 
platelet levels were reduced below about 15 per cent of the original values. With 
extremely low platelet counts in either type of plasmas, clotting generally did not 
occur during the 50 to 60 minute period of observation. 



PLATELETS (PER CEtIT OF WHOLE BLOOD) 

Fig. 2 


DISCUSSION 

These results emphasize the need for platelets in clotting and indicate that nor- 
mally platelets are present in numbers considerably in excess of minimal require- 
ments for normal clotting. Roughly, there is a three-fold factor of safety in dog blood, 
and a four- or five-fold safety factor in human blood. The difference between the 
platelet needs of dog and human blood is more strikmg if considered in terms of 
platelet volume. Normally, according to Van Allen (10), the average volume per- 
centage of platelets for dog blood is 1.04, for human blood 0.49. Thus, the minimal 
platelet volvunes required for normal clotting would be about 0.36 ml/ioo ml. of 
dog blood and about 0.12 ml/ioo ml. of human blood. By volume, then, dog blood 
requires about three times as much platelet material as human blood, compared to 
about 1,7 times as many if considered in terms of platelet numbers. 

The fundamental reason for the greater need for platelets in dog blood is not 
dear. Whether there are qualitative or quantitative differences in the platelet co- 
agulant factors in the two species is not known. Earlier work has shown that the 
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plasma factor deficient in hemophilic blood is necessary for platelet utilization (4). 
It may be that the quantity of the anti-hemophilic principle in plasma determines 
the extent to which platelets are utilized in the clotting process. At any rate, our 
data indicate that normally the number of platelets is not the factor which deter- 
mines the rate of coagulation, and only when their numbers are greatly reduced do 
they limit the speed of clotting. 

A comparison of our findings on normal hiunan plasma with results obtained 
on blood from patients with thrombocytopenia is of interest. In this disease, the 
clotting time is nearly always normal. Our data are in accord with this fact, since 
platelets rarely reach the low levels that would be required for a prolonged clotting 
time. Soulier (ii) has used a modified two-stage method for the determination of 
residual prothrombin in the serum of a group of thrombocytopenic patients. Seven- 



teen of his patients showed a retardation in the clotting process, as judged by high 
serum prothrombin levels. All of these patients had platelet counts below 8r,ooo/cu. 
mm. This is in good agreement with our data, which indicate that the average critical 
level of platelets is equivalent to a value of about 71,000/cu. mm. of whole blood. 
On the other hand, there is less evident agreement between our data and those of 
Conley, Hartmann and Morse (12) and of Quick, Shanberge and Stefanini (13)- 
These authors studied both blood from thrombocytopenia patients and platelet-poor 
normal plasmas. From their work, it would appear that only a moderate reduction in 
the number of platelets is sufficient to cause a delay in clotting. They used a one- 
stage technique for determination of serum prothrombin. This procedure results in 
erroneously high serum prothrombin values, due apparently to the fact that throm- 
bin is formed more rapidly from prothrombin in serum than it is from prothrombin 
in plasma. De Vries, Alexander and Goldstein (14) have suggested that the dif- 
ference in prothrombin convertibility in plasma and serum, as observed in .the 
one-stage method, is due to the elaboration in serum of an accelerator of prothrom- 
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bill conversion. This factor, as well as other differences in technique, may account 
for these apparently divergent results. 

SUMMARY 

The platelet requirements for clotting in dog and human blood have been com- 
pared. The rate of prothrombin utilization was used to indicate the clotting capacity 
of plasmas containing varied numbers of platelets. The results indicate that in both 
plasmas platelets are present in great excess over minimal requirements, and that 
below critical platelet levels, clotting is impaired. Dog plasma requires more plate- 
lets for a normal clotting rate than does hmnan plasma. In terms of platelet count, 
the requirements of dog plasma are about 1.7 times greater than they are in human 
plasma; in terms of platelet volume, the requirements are about 3 times greater, 
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EVOLUTION OF A PROTHROMBIN CONVERSION ACCEL- 
ERATOR IN STORED HUMAN PLASjHA AND PROTHROBIN 
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BOSTON, SIASSACirUSETTS 

T he prothrombic activity of plasma, as measured by the one-stage method, 
decreases as plasma ages (1-3) because of deterioration of ‘labile factor’ 
necessarj'- for the rapid conversion of prothrombin to thrombin by thrombo- 
plastin plus calcium. VTien, however, determinations are made by a modified pro- 
cedure in which the test plasma is first diluted with prothromhin-frec fresh plasma, the 
aged plasma shows increased prothrombic activity (3). Similar observations have 
been recorded by others (4-6). 

From the data presented below it appears that the phenomenon is referable to the 
evolution during storage of a factor which can accelerate prothrombin conversion. 
This substance, similar to or identical with a prothrombin conversion accelerator 
which is elaborated during coagulation (7), can be separated from stored plasma by 
adsorbing it with BaS04 from which it can be eluted by sodium citrate. 

METHODS 

O.'ialated human plasma (i volume of o.iM sodium oxalate to 9 volumes of blood), prepared from 
blood centrifuged at 2000 rpm for 10 minutes, w’as stored at 3 to 5° C. At intervals prothrombic activ* 
ity was determined both by the one-stage metirod of Quick (8), and by the modification of Rosen- 
field and Tuft (9) in which prothrombin-free plasma is used as diluent. The latter was prepared from 
oxalated plasma pooled from at least 5 normal subjects. In both procedures commercial thrombo- 
plastin (Difeo) was used. 

Fresh and stored plasma samples were also treated in the following manner: powdered BaSO* 
(C.P.) was added, the mixtures were shaken and kept at 37® C. for 15 minutes during which time they 
were frequently agitated, and then centrifuged at 3000 rpm for 30 minutes. The supernatant was 
separated; the BaSOi was washed twice with an equivalent volume of sodium acetate buffer (o.oaM, 
pB. 5.2) and eluted (once or trvice) with sodium citrate solution (5% in physiological saline) which 
totaled in volume that of the original plasma. 

The prothrombic activities of tire supernatants and cluates were determined in the usual manner 
after diluting with fresh prothrombin-free normal plasma. The prothrombin conversion accelerator 
was measured by mixing these fractions wdth equal volumes of fresh whole plasma and computing 
the difference between the observed prothrombic activities of the mixtures and the sum of the activ- 
ities of the components determined separately, employing the same dilution technique with prothrom- 
bin-free plasma. 

RESULTS 

The data, recorded in figure 1, confirm the fact that as plasma ages its pro- 
thrombic activity, as measured on undiluted whole plasma, decreases progressively. 

Received for publication June 23, 1949. 

1 Supported by a grant from the Commonwealth Fund. 
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However, when determinations are made using fresh prothrombin-free plasma as 
diluent, prothrombic activity increases during storage at refrigerator temperature 
until the aged plasma becomes approximately two or three times as active as the 
original unstored plasma. Thereafter, the activity slowly declines. The ‘hyperre- 
activity’ is not demonstrable in plasma which ages at room or body temperatures. 

The interval of storage required for the development of increased prothrombic 
activity varies widely. In some instances the change becomes evident within 24 or 
48 hours; in others, two weeks or more are necessary (table i). When citrate (one 
part of 2.5 % sodium citrate solution to 9 parts of blood) is used instead of oxalate as 
anticoagulant the appearance of hyperreactivity is delayed. Also, as has been ob- 
served previously by others (10) and by us (3), the decrease in whole plasma pro- 
thrombic activity is retarded. 



Fig. I. Pkoxurombic acttvitv of oxalated human plasma stored at4°-s°. C Determinations 
made at intervals on the same plasma by the orthodox one-stage procedure on whole plasma (undi- 
luted) and by the dilution technique (diluted) employing fresh BaSO< plasma as diluent 

Prothrombin can be adsorbed from plasma by BaSO^ (9). We have found that it 
can be eluted from this adsorbing agent by sodium citrate. The ‘hyperreactive’ 
prothrombin of stored plasma behaves similarly. Wdien plasma is adsorbed at intervals 
during storage with 2 5 mg. BaS04 percc. and the adsorbate eluted with sodium citrate, 
the prothrombic activities of the eluates parallel those of the unadsorbed parent 
plasma (fig. 2). The supernatants from the BaSOi adsorption show little or no activity 
(fig. 2). 

An eluate from the BaSOi adsorbate obtained from a ‘hyperreactive’ (166% of 
normal prothrombic activity) stored plasma ejdiibited only 10 per cent prothrombic 
activity and contained 31.1 micrograms of nitrogen derived from i cc. of plasma 
(table 2). However, when it was mixed with fresh plasma, the observed activity of 
the mixtmre was almost threefold the svun of the activities of the components. Separa- 
tion thus of a plasma fraction, poor in prothrombin, yet capable of enhancing the 
prothrombic activity of fresh plasma to which it was added, indicates that the 
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‘hj’-perreactivity’ which develops in stored plasma is due to the evolution of a pro- 
thrombin conversion accelerator and not to deterioration of an inhibitor. 

Prothrombin-rich fractions derived from fresh plasma by BaSO< adsorption 
and citrate elution also show increasing activity during storage (table 3). In constrast 
to some of the parent plasmas which were relativel}’' slow in becoming hj'perreactive 
the activity of the eluates increased within 24 hours (table i). It should be noted 
that determinations on the eluates and the parent plasmas were made side by side, 
after both were adjusted to contain equal amounts of oxalate and citrate. The super- 
natants, very low in activity originally, remained unchanged. This indicated that 
the precursor of the accelerator which evolves during storage is adsorbed along with 
the prothrombin. 


Table i. prothroubic Acrrviry of plasxl\ axd plasma riLAcnoxs dvrixg storage at 3-5” c. 


i 

PL.\S1IA TSOa SUBJECT 

TUCE aEQUIEED rOR 

mTEREEAcnnry to 

AITEAR, DAYS 

rsoTnaoitBic Acnvirv* 

1 

Whole 

Plasma 

Eiuate 
from BaSOi 
Adsorption 

Whole Plasma j 

Eiuate from BaSOt 
Adsorption 





ORKB 

Inilial 

ilcxirr.al 

A 

I 


80 




B 

I 


loS 




C 

10 


75 




D 

4 


66 

230(7) 



ABCD (pool) 

I 


78 

230(7) 



E 

IS 


59 

140(15) 



£2’ 

>7 

I 

ss 


49 

79 

F 

10 


71 

130(15) 



p ,3 

>8 

I 

8S 


! 68 

loS 

G 

4 


63 

170(7) 

I 


G2» 

S 

I 

75 

140(6) 

1 

/o 

105 


* Percentage of normal. 

® Figures in parentheses denote the day of storage at which maximal activity was first ohser\'ed. 
’ Plasma obtained from subjects E, F and G on other da>'s. 


It is possible that an accelerator might not be evident in the aged ‘hj'popro- 
thrombinemic’ plasma because its initial prothrombin content might be so small 
that an enhancement in actmty might not be striking. Under such circumstances, 
addition of prothrombin in the form of fresh normal plasma or prothrombin-rich 
fractions should result in a greater prothrombic activity than would be expected on 
the basis of the added prothrombin alone. TWien prothrombin was thus added to the 
deprothrombinated stored plasma, no enhancement could be observed; the activity 
of these mixtures was equal to the siun of the actiAuties of the components determined 
separately. l^Tien the prothrombin was only partially removed bj’’ adsorbing with 
smaller amounts of BaSO^, the ‘h)q)oprothrombinemic’ plasma (30%) of normal) 
showed some rise in activity during storage (fig. 3) although less than the whole 
parent plasma. 

Dicumarol-induced hypoprothrombinemia was also studied. Three patients, 
treated with this drug for impending or actual myocardial infarction, had between 5 
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and 12 per cent prothrombin. During storage the plasmas of two showed some in- 
crease in activity, the earliest change appearing after 14 days (table 4). However, 
when prothrombin was added in the manner described above, little, if any, further 
acceleration was demonstrable. 

Thus, plasma rendered markedly h3^oprothrombinemic either by BaS04 ad- 
sorption or by dicumarol administration does not become strikingly ‘hyperreactive’ 
during storage or develop the ability to accelerate the conversion of added pro- 
thrombin. Similar results were obtained in a patient with hypoprothrombinemia due 
to severe hepatic cirrhosis (table 4). It is not clear whether this is referable to reduc- 
tion of prothrombin per se or to simultaneous inadequacy of a non-prothrombin 
precursor of the accelerator. There is evidence that diciunarol lowers, besides pro- 
thrombm, a substance which affects prothrombin conversion (ii, 12). Also, the pa- 
tient with liver disease seemed to be deficient not only in prothrombin but also in 


STORED PLASMA (exP’tZ.figi) 



Fig. 2. Fractionation of normal oxalated plasma at intervak during storage: separation 
of ‘hyperreactive’ prothrombin by adsorption with BaSOi and elution with sodium citrate solution. 

plasma factors important in prothrombin conversion since the prothrombic activity 
of her whole plasma (14% of normal) was far less than that (33% ) obtained with the 
dilution technique employing -proihrmnhin-free normal plasma. Observations were 
also made on a 5-week-old patient with congenital hypoprothrombinemia^ whose 
plasma prothrombic activity was i to 2 per cent of normal. During 6 days’ storage it 
did not change appreciably nor did any accelerator evolve. Unfortunately, further 
observations could not be made since the patient died. 

Platelets are not required for evolution of the accelerator. Normal oxalated 
plasma was rendered platelet-ffree’® by centrifugation for 15 minutes at 15,000 rpm 
in a Type 2 international centrifuge with multi-speed attachment, kept in a constant 

* We are grateful to Dr. Charles A. Janeway, Physidan-in-Chief of the Children’s Hospital, 
Boston, for his cooperation in making this subject available for study. Details will be reported in a 
separate communication. 

’ Counts made on the centrifuged plasma revealed 10,000 platelets or ‘platelet bodies’ per cu. 
mm. of plasma. 
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temperature room at 6°C. During storage the plasma developed incxeased pro- 
thrombic activity, parallel with the non-centrifuged plasma (fig. 4). The blood had 
been handled throughout in apparatus coated with silicone* until the plasmas were 
placed in ordinary glass for storage. Also, the accelerator could be separated from the 
aged platelet-free plasma by BaSOi adsorption and subsequent elution. Furthermore, 
plasma from a patient with thrombocytopenic purpura secondaiy to acute leukemia 
(platelet count = 30,000 per cu. mm. of blood) became hyperreactive during storage. 
That the platelets cannot, therefore, be implicated in evolution of the accelerator is 
in contrast to the interpretations of others (6, 14) who attributed the prothrombic 
hyperreactivity of stored plasma to the products of platelet lysis. 

The question also arises whether exposure to a 'foreign’ surface is required. 
Plasma derived from blood taken with siliconized apparatus and stored in siliconized 

Tabi£ 2. Demonstration of rROTHROuBiN conversion acceixeator in a plasma fraction prom 

“uyPERHEACnVE” STORED PLASMA 


PSOTBSOinsiK IflXTtniE CO.STAININC: 


'pSOTmtOMBIH 


.Stored Plsisma (S.P.), Eluatc (E) 
or Supemate (S) 

Whole 

Fresh 

Plasma 

Saline 

Diluent: 

Proth.-Free 

Fresh 

Plasma 

Time 

Activity* i 
Found 

] 

Activity 

Erpected 

parts 

parts 

ports 

parts 

SfCo 

% 

% 

S.P.— I 

0 

0 

9 

20.9 

166 


E .*-3 

0 

0 

7 

69.0 

10 


V.?—i 

I 

0 

iS 

21.6 

IS 4 

S 3 

S.— I 

0 

0 

A 

33.8 

34 


S.— 1 

I 

0 

18 

30-3 

76 

6S 

0 

I 

I 

18 

41.8 

96 



Pooled oxalated plasma stored at 4°-5®C. for 14 days, then adsorbed with 25 mg. BaSO^/cc. The 
BaSOi was then eluted with 5% sodium citrate in 0.9% saline solution; final volume was that of 
original plasma. 

* Corrected for dilution of prothrombin mixture with prothrorabin-frec fresh plasma. 

* Eluate contained 31.1 pg. n/cc. 


vessels becomes equally hyperreactive at the same time as plasma from the same 
individual handled throughout m ordinary glass. 

The prothrombin accelerator evolves also in stored hemophilic plasma. Of S 
hemophiliacs studied the plasmas from 2 showed increasing activity within 24 to 48 
hours; in the others, a much longer time was required before any change was demon- 
strable. These phenomena could not be correlated with the clotting time of whole 
blood nor were they affected by accelerating coagulation with intravenous infusions 
of normal plasma (150-180 cc.) before obtaining the hemophilic plasma for storage. 

On the theory that small amounts of thrombin, slowly evolved from prothrombin 
during storage, might be required for elaboration of the accelerator from an inert 
precursor (see later in discussion regarding conversion of plasma Ac-globulin to the 
serum type by thrombin) o.i and 0.2 units of thrombin (Parke, Davis topical throm- 
bin) were added to 2.0 cc. of fresh chilled oxalated hemophilic plasma which alone 
showed delayed increase in prothrombic activity upon aging. The addition of throm- 


* General Electric Dry Film ^9987 used according to the technique of Jacques el al. (13). 
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bin did not accelerate tbe appearance of hyperreactivity. Small fibrin shreds and thin 
dots were observed in 24 hours, but the amount of fibrinogen thus removed had no 
demonstrable influence on the prothrombin time, 

DISCUSSION 

Changes in plasma prothrombic activity during storage have been studied by 
many workers. Non-uniformity of methods has led to divergent results and interpre- 
tations. Clearly the activity, as determined on whole plasma by the one-stage tech- 
nique, declines after the first few days of storage, due to deterioration of a labile 
component which is present in fresh plasma (3). 

When determinations are made on mixtures of the stored, with prothrombin-free 
fresh, plasma, the activity is found to increase progressively until, at its height, it 
may be two or three times the initial value. Enhanced reactivity of fibrinogen to 


TABtE 3. Prothrombic activity of plasma fraction' during storage at 4-s°c. 


DAYS STOKED 

PEOIHHOMBIC ACnVITy— PEE ceut' 

IS mg. BaSOt Adsorption 

2 S mg. BaSOi Adsorption 


Eluale 

Supernatant 

Eluate 

Supernatant 

0 

70 

10. 0 

120 

0 

I 

140 

lO.S 

140 

0 

2 

IIS 

9.0 

IS 5 

0 

4 

16s 

9.0 

200 

0 

7 

128 

11.4 

170 

0 

8 

126 

10.8 

190 

0 

9 

170 

8.0 

180 

0 

10 

158 

— 

158 

• 


Aliquots of oxalated plasma from one subject adsorbed with 15 mg. and 25 mg. BaSOi respectively. 
Prothrombic activities determined on supernatant plasmas, and on eluates obtained from the BaSOi 
by elution with 5% sodium citrate in saline. 

* On basis of normal plasma containing 100% prothrombic activity 

thrombin, one of the proposed explanations for this phenomenon (4), can be readily 
dismissed: the hyperreactivity of aged plasma is measured in a mixture in which go 
per cent or more of the clottable fibrinogen is provided by fresh prothrombin-free 
plasma. Furthermore, plasma fractions devoid of fibrinogen become hyperreactive 
during storage. Finally, we have found (15) that stored plasma becomes less clottable 
by standard solutions of thrombin. 

Increasing prothrombic activity”- may reflect deterioration of an inhibitor such as 
an antiprothrombin, antithrombm or antithromboplastin. This explanation is also 
untenable since a prothrombin conversion accelerator can be separated from hyper- 
reactive stored plasma. 

Banfi et al. (6) attribute the hyperreactivit}’- of stored plasma to a prothrombin 
‘sensitization,’ whereby, under the influence of deteriorating platelets, prothrombin 
undergoes a molecular alteration 3delding a product more rapidly convertible to 
thrombin by thromboplastin plus calcium. This interpretation, which resembles 
Bordet’s (16) concept of proserozyme (less active prothrombin) being converted 
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during coagulation to serozyme (more active prothrombin), can be excluded also 
by the fraction obtained from stored plasma, which was itself very low in prothrombic 
activity but, nevertheless, could markedly accelerate thrombin evolution from added 
protlurombin. 

The prothrombic 'hyperreactivity’ of stored plasma is best explained by slow 
elaboration of a factor which activates, accelerates or otherwise acts as an ancillary 
agent in the evolution of thrombin in the presence of thromboplastin plus calcium. 
Formation of similar substances has also been observed during blood coagulation 
(17, 18). Ware el al. (17) have reported on scrum Ac-globulin which arises, under the 
influence of small amounts of thrombin, from a relatively inert precursor, -plasma 
Ac-globulin. During storage slow conversion of prothrombin to tlirombin may occur 
despite the presence of anticoagulant, thus providing the conditions necessary for 
transforming plasma Ac-globulin into the serum tj^pe. It will be recalled, however, 



Fig. 3. Prothrombic actiwty, during storage at 4'’-5° C., of BaS04 adsorption induced ‘hypo- 
prothrombic’ plasma and the parent plasma. 

that the addition of small amounts of thrombin to hemophilic plasma failed to 
hasten the appearance of increased protlirombic activity. 

Milstone (19) described a protlurombin convertor, tlurombokinase, which evolves 
from an inert precursor, prothrombokinase, during the first stage of coagulation. 
Calcium is required for the transformation; whether it can proceed in oxalated plasma 
is unknown. It is unlikely that the accelerator which evolves in stored plasma is 
thrombokinase because prothrombokinase is not adsorbed by BaS04 (19) whereas 
the precursor of the accelerator which evolves in stored plasma is adsorbed. 

A prothrombin conversion accelerator which arises during coagulation has also 
been demonstrated in human serum by de Vries el al. (7). It is relatively stable, in 
contrast to the extreme lability of Ac-globulin in human serum (10), can be adsorbed 
quantitatively by BaS04 or BaCOs and eluted by citrate solutions (20), and it is 
greatly reduced in serum from hypoprothrombinemic blood.® Its remarkable re=' 


® In congenital hypoprothrombinemia, as well as that induced by dicumarol (21). 
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semblance in these respects to the accelerator which evolves in stored plasma sug- 
gests that as plasma ages very slow 'coagulation’ occurs during which the ‘serum’ 
prothrombin conversion accelerator evolves. This would explain the deposition of 
fibrin clots dmring storage despite the presence of anticoagulant. 

That the accelerator cannot be detected by determinations on whole stored 
plasma® suggests that labile factor or some other plasma component s imil arly labile 
is necessary for its activity. During the first several weeks of storage, prothrombic 
activity, as measured by the orthodox one-stage technique, is the resultant of pro- 
thrombin concentration, unaltered labile factor and evolved prothrombin conversion 
accelerator. This must be considered in assays of labile factor based upon restoring 
prothrombic activity to stored plasma by adding fresh plasma or plasma fractions (5). 

Progressive increase in the activity of aging prothrombin-rich plasma derivatives 
brings to mmd the report of Ware and Seegers (22) on ‘regeneration’ of purified bovine 
prothrombin in the presence of thrombin. The question arises whether their observa- 
tions are referable to evolution of a factor which favorably affects the yield as well as 
the velocity of thrombin formation. 

Table 4. Prothrombic activity of stored hypoprothrombinemic oxalated plasma 



Days Stored 0 

1 

PROTHfiOMBIC ACTIVITY 

3 7 

—PER CENT 

J4 

17 

Zl 

Z4 

SUBJECT 



Dicumarolized subjects 




Mrs. D. 

9 

S 

6 12 

22 

18 



Mrs. B. 

12 

i6 

9 27 

20 

22 



Mr. S. 

12 

15 

7 12 

13 

14 






Subject 'mill cirrhosis of liver 




Mrs. H. 

33 


35 36 

28 

44 

43 

35 


Changes in activity of prothrombin-rich fractions deserve careful consideration 
in the purification of prothrombin when guided by the one-stage technique. Also, 
prothrombin assays by the two-stage procedure must be viewed with caution until 
one can be sure that an accelerator evolving in a prothrombin fraction does not in- 
crease the yield of thrombin. In this connection there should be mentioned the recent 
observations of Lewis and Ferguson (23) that no limit is reached in the amount of 
thrombin obtained from a given quantity of pmrified prothrombin to which iucreasing 
amounts of Ac-globulin are added. 

Little can be said regarding the precursor of the accelerator. Platelets can be 
excluded by the experiments on thrombocytopenic plasma and on normal plasma 
stored in siliconized vessels. Our findings on plasma rendered prothrombin-deficient 
by dicumarol or by adsorption with BaS04 suggest that the plasma prothrombin con- 
centration must be at least 30 per cent of normal before substantial amounts of the 
accelerator can evolve. However, this is probably not the sole requisite, as indicated 
by obserc^ations on the cirrhotic patient whose plasma, although it contained 30 to 
40 per cent prothrombin, failed to become hyperreactive. This may have been related 

6 Schilling ei al. (13) report ‘hyperreactivity’ of stored citrated plasma mthin the first 5 days of 
storage. The increases in activity, 10-12 per cent, is only suggestive in view of Kmitations in the 
method they employed. 
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to tlie inadequacy of non-prothrombin factors important in the evolution of thrombin 
from prothrombin,' which was observed in tliis subject. 

Thus, two important changes in plasma clotting components have been demon- 
strated during storage; elaboration of an accelerator which favorably affects the 
velocity of prothrombin conversion, and deterioration of labile factor, which ad- 
versely influences this reaction. The question arises whether these phenomena are 
related. At first glance it appears that they are not since prothrombic hyperreac- 
tivity may appear in some instances before any deterioration of labile factor is 
detectable from determinations of tlie prothrombin time on whole plasma. However, 
as has already been mentioned the protlirombin time of plasma, at any point during 
storage, reflects the concentration of prothrombin, labile factor and the prothrombin 
conversion accelerator which evolves. Therefore, normal prothrombin time on the 
second, third or fourth day of storage does not necessarily exclude some deterioration 
of labile factor. Some loss in this component may have occurred, yet because of 



Fig. 4. Peoiseoiibic Acnvrrr, during storage at 4'’-5° C., of platelet-rich and platelet-poor 
(centrifuged) oxalated human plasma. 

elaboration of some accelerator the prothrombin time need not be altered. Accord- 
ingly, deterioration of labile factor and evolution of the accelerator during storage 
may be interrelated. 

It is also noteworthy that prothrombin hyperreactivit}’' consequent to aging 
cannot be demonstrated unless a component found in. fresh plasma is simultaneously 
provided. This suggests that labile factor, or some other plasma substance sim larly 
labile, is essential for the activity of the accelerator in speeding thrombin evolution. 
The same is true of the prothrombin conversion accelerator found in serum (7). 

That the accelerator appears earlier in a prothrombin rich fraction than in the 
parent plasma suggests that its evolution may be retarded by the presence of one or 
more of the plasma proteins, or that the manipulation of fractionation may, somehow, 
render the precursor more susceptible to transformation. 

^ Insufficiency of plasma Ac-globulin has been induced in dogs by injuring the liver with chloro- 
form, resulting in an elevated prothrombin time (24). 
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Why hyperreactivity does not occur in plasma stored at room or body tempera- 
ture in contrast to refrigerator temperature is obscure. 

CONCLUSIONS 

The prothrombic activity (one-stage) of normal plasma or prothrombin-rich 
fractions obtained by adsorption with BaS04 and elution with sodium citrate increases 
during storage at refrigerator temperature. This does not occur at room or body 
temperature. In some plasmas prothrombic hyperreactivity appears within 24 or 48 
hours; in others it develops after two or more weeks of storage. In the latter instances, 
prothrombin-rich fractions become hyperreactive much earlier than the parent 
plasmas. 

The phenomenon is attributable to evolution of an agent which accelerates the 
conversion of prothrombin to thrombin by thromboplastin plus calcimn. The agent 
as well as its precursor(s) can, like prothrombin and the protlirombin conversion 
accelerator of serum, be adsorbed by BaS04 and eluted with sodimn citrate. It arises 
in hemophilic plasma, thrombocytopenic plasma, and in normal plasma handled 
entirely in siliconized apparatus. The accelerator cannot be demonstrated in the 
absence of a labile factor present in fresh plasma. 

Changes in stored dicumarolized plasma were not striking. Also, the accelerator 
did not evolve in plasma deprived of prothrombin by adsorption with BaS04, or in 
hypoprothrombinemic plasma from a patient with severe hepatic cirrhosis. Its pos- 
sible relationship to serum Ac-globulin, or the prothrombin conversion accelerator 
of serum, is discussed. 
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THE m VITRO RELEASE OF HISTAMINE FROM THE BLOOD 
CELLS OF SENSITIZED RABBITS: RELATIONSHIP TO 
BLOOD COAGULATION MECHANISMS' 

FLOYD C. McINTIRE, L. W. ROTH and R. K. RICHARDS 
From the Departments of Biochemistry and Pharmacology, Abbott Research Laboratories 

CHICAGO, ILXIKOIS 

H istamine is released from the blood cells into the plasma when antigen 
is added in vitro to whole blood from the sensitized rabbit. This was first 
demonstrated by Katz (i) and has been considered by him and other 
workers (2) to be an in vitro anaphylactic tj'pe of reaction. It is well known also tliat 
histamine is released from the blood cells when rabbit blood is allowed to coagulate. 
In a study of the mechanism of the in vitro anaph3dactic reaction, the possibilitj’’ of 
participation by different components of the blood coagulation system must there- 
fore be considered. In this paper are reported the results of our studies on the rela- 
tionship between the anaphylactic histamine release mechanism and certain com- 
ponents of the blood coagulation system. Our evidence indicates that prothrombin, 
thrombin, thromboplastin and Ac-globulin are not involved in the anaphylactic 
Instamine release. On the other hand, the mechanism of this reaction 1 ms some prop- 
erties in common with the blood coagulation mechanism. 

EXPERIMENTAL 

Rabbits, 2 to 4 kg. in weight, were sensitized by the intramuscular injection of 
0.2 ml. of antigen emulsion into each of 10 different sites on the same day. The anti- 
gen emulsion was of the Freund type (3) with constituents as follows: 7 mg. of di^' 
heat-killed saprophytic acid-fast bacterial cells, 4 ml. heavy mmeral oil, 2 ml. aqua- 
phor, and 8 ml. of fresh egg white. In 10 to 14 days after the injection of antigen, the 
rabbits were exsanguinated through the carotid artery by means of a coated cannula, 
under local anesthesia. For each 50 ml. of blood collected o.i ml. of heparin solution 
(1000 units/ml.) was added. All glassware in which whole blood was handled was 
coated with either General Electric Dri-film 9987 or Dow-Corning Pan Glaze. The 
latter film is very durable and the glassware can be used repeatedly without being 
recoated. 

Crystalline trypsin and crystalline soy trypsin inhibitor were kindly supplied 
by Dr. M. Kunitz. For some experiments the trypsin inhibitor preparations were 
made in our laboratory according to the procedure of Kunitz (4). The sodiiim salt 
of heparin, 100 units per milligram, kindly supplied by Dr. Ira B. Cushing of these 
laboratories, was used in all experiments. A i per cent solution of heparin was made 
up in saline mUhont'a preservative. The chloride salts of Ca+^ and Mg^ were used as 
the sources of these ions. 

Received for publication July i, 1949. 

^Preliminary report presented at the meeting of the Federation of American Societies for 
Experimental Biology, Detroit, Michigan, April 20, 1949. 
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All in vitro histamine release reactions were carried out as follows. Constituents of 
the reaction in isotonic solution were pipetted into a heavy duty 12 ml. conical centri- 
fuge tube and the volume was diluted to 2.6 ml. with saline. To this solution 2 ml. of 
whole blood was added, followed by thorough mixing, and then r ml. of a 1:100 
dilution of whole egg white in saline was added. The contents of each tube were mixed 
well; the tubes were placed in a 37°C. water bath for 20 minutes and then in an ice 
bath. Blood cells were removed by centrifugation for 15 minutes in a refrigerated 
centrifuge. A 4.5 ml. aliquot of plasma was carried through the histamine purifica- 
tion procedure of Mclntire, Roth and Shaw (5). At the end of the histamine purifi- 
cation, the cotton succinate eluates were not neutralized; the acid eluates were 
evaporated to dr5mess at reduced pressure and the histamine was determined by the 
chemical method of Mclntire ct al. (6). In our data the concentration of heparin. 


Tabix I. In vitro histamine release from blood cells of dicumarol-treated 

SENSITIZED RABBITS 


RABBIT NO. 

CLOTTINO TIME 

HISTAMINE EELEASED 


minutes 

ng/fnl. of blood 

% of total 

p20 

10 

1.79 

72 

P 2 I 

>25 

1-75 

54 

p22 

20 

1.44 

41 

923 

12. s 

1.4 

29 

924 

24 

1.2 

42 

926 

18.S 

3-21 

68 

Normals untreated 

2 to 4 

0.5 to 4.3 

27 to 79 


phenol, oxalate, citrate, Ca"^, Mg++ and trypsin inhibitor are given in terms of the 
final dilution in the m vitro reaction. The concentration per ml. of blood would be 2.5 
times the concentration indicated. 

RESULTS AND DISCUSSION 

The in vitro histamine release by antigen can be carried out without any noticeable 
blood coagulation if silicone-coated glassware and a very small amount of heparin 
are used. However, this fact does not exclude the possibihty that some of the enzy- 
matic components of the coagulation mechanism might participate in the histamine 
release reaction. One of our first approaches to this question was the treatment of 
sensitized rabbits with high doses of dicumarol to decrease the prothrombin content 
of the blood as much as possible just short of fatal treatment. 

The animals were given 10 mg. of dicumarol per kilo intravenously each day 
(usually for 5-6 days) until the blood-clotting time was greatly prolonged. They were 
then exsanguinated and the degree of anaphylactic m vitro histamine release was 
determined. The data of table i indicate that the heavy dicumarol treatment did not 
affect the anaphylactic histamine release mechanism. There is no relationship between 
the clotting time of the blood and the percentage of the total histamine released by 
antigen. The percentage of total histamine released from blood of both dicumarol- 
treated rabbits and untreated rabbits is essentially the same. Since it is well known 
that dicumarol treatment sufficient to prolong markedly the blood-clotting time 
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greatly decreases the prothrombin content of the blood, we may conclude that a great 
decrease in the prothrombin content does not impair the anaph3dactic liistamine 
release mechanism. 

The inhibition of the in vitro anaphylactic reaction b}’- heparin was first reported 
by Dragstedt el al. (2). The amount of heparin they used to inhibit the reaction 
(0.12%) was much higher than the amoimt required to prevent coagulation. We 
have determined the inhibition of histamine release by various levels of heparin and 
the data are shovm in figure i. The heparin concentrations indicated represent the 
concentration over and above the 0.008 mg/ml. which was used in all experiments 



HEPARIN CONCENTRATION MOLAR CONCENTR/XTION 

MG.- PER ML. OF Ca. AND 

Fig. I {lefC). Hep.mun inhibition of the in vitro ‘anaphylactic’ histamine release. 

Fig. 2 {right), Ikhibitory effect of hlg"^ and Ca”*^ on the in vitro release of histamine by 
antigen. 

to prevent blood clotting. These data are an average of several experiments. Tlie 
deviation from the average values is not great when the liistamine release in the con- 
trols is average or above. In experiments with very poor liistamine release the in- 
hibition by the lower levels of heparin is greater percentage-wise. These data indicate 
that the amount of heparin necessary to give a 55 per cent inhibition of the anaphy- 
lactic histamine release is at least 250 times the amount required to prevent blood 
clotting for several hours imder these conditions, and approximately 1000 times the 
amount of heparin required to inhibit markedly the action of thrombin and throm- 
boplastin in more purified systems (7). The weak inhibition of the histamine release 
reaction by heparin very strongly suggests that neither thrombin nor thromboplastin 
is important in the in vitro anaphylactic reaction. The data on the inhibition bj’’ pJiaiol 
and heparin -f phenol are included to point out the potential error had we used a 
commercial heparin containing phenol as a preservative. One mg /ml . of heparin with 
the usual amount of phenol used as a preservative gives a much greater inhibition 
than 2 mg/ml. of heparin without phenol. In fact, milligram for milligram the phenol 
is a more potent inhibitor than is heparin. 

Further evidence against the participation of thromboplastin and Ac-globulin 
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in the histamine release reaction is the fact that the soy bean trypsin inhibitor fails 
to mhibit this reaction (table 2). MacFarlane (7) found that a concentration of o.oi 
mg/ml. of soy trypsin inhibitor markedly inhibited the conversion of prothrombin to 
thrombin. Our data show that even 1.6 mg/ml. of the trypsin inhibitor does not signif- 
icantly mhibit histamine release 'by antigen, while only 0.4 mg. of mhibitor per ml. 
almost completely inhibits histamiue release by an optimal concentration of tiypsin. 
Since the soybean trj’psin inhibitor is a potent inhibitor for both Ac-globulin and 
thromboplastin (8) these components of the blood coagulation system very likely do 
not participate in the in vitro anaphylactic histamine release. 

The failure of soy trypsin inhibitor to inhibit the histamine release by antigen is 
also concrete evidence against the popular theory that the histamine release depends 


Table 2. Efeect or soybean trypsin inhibitor on msTAiUNE release by antigen and 

BY TRYPSIN 


HISTAIUKE HELEASE AGENT 

SOV TRVPSm JNHIBITOE 

% INHIBITION 

Antigen 

mg/ml. 

o.S 

7 


1.6 

7 

Trj'psin 
o.oS mg/ml. . 

0.4 

9 S 

0.15 mg/ml. 

0.4 

74 


Table 3. Oxalate and aiRATE inhibition op histamine release by antigen 


INHIBITOR 

MOLAR CON- 
CENTRATION 

% INHIBITION 

INHIBITOH 

HOLAS CON- 
CENIHATTON 

% INHIBITION 

Oxalate 

0.002 

22 

Citrate 

0.0017 

42 


0.006 

100 


0.0051 

96 


O.OI 

100 


0.0068 

100 





0.0085 

100 


upon the activation of the plasma protease, fibrinolysin. This point will be considered 
more completely in a later publication. 

The histamine release mechanism has some properties in common with the blood 
coagulation system in being inhibited by oxalate, citrate, Mg^^ and Ca++ as shown in 
figure 2 and table 3. The concentration of Mg++ which gives an 80 per cent inhibition 
of histamine release will infinitely prolong the clotting time of rabbit plasma (9), 
and the amount of Ca++ which will prolong the clotting time of rabbit blood to more 
than 60 minutes (9) gives a 60% inhibition of the histamine release. The concentra- 
tions of oxalate and citrate which are required for a 100 per cent inhibition of the 
histamine release reaction are of the same order as are required for effective anti- 
coagulant action. 

There is, however, one important difference in the effect of citrate on the two 
mechanisms imder consideration. While there is a slow inactivation of some com- 
ponent of the blood coagulation system imder the influence of 0.62M: citrate (ro), 
there is a very rapid inactivation of the histamine release mechanism in a much lower 
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concentration of citrate (o.oo68m). The data of table 4 show that when calcium chlo- 
ride isadded to citrated blood in only one minute after the citrate has been added, the 
inhibition by citrate is nearly 60 per cent irreversible. If the citrate is allowed to re- 
act with the blood for 20 minutes before the addition of Ca"^, the inhibition is 75 
per cent irreversible. Attempts to reverse the o.valate inhibition resulted in coagula- 
tion, hemolysis and the release of histamme before antigen was added. 

The fact that oxalate, citrate, Ca+^ and Mg^ inliibit the anaphylactic release 
of histamine does not necessarily mean that this reaction involves any part of the 
blood coagulation system. The rapid irreversible citrate inhibition of the anaphylactic 


Table 4. iRREraRSiBii-iTy of citr/We ikiiibixiox or histamixe release by aktigex 


ilOLAS COKCENTRATION 

PtKCENTAGE INniBiriO.*! 

MOLAR CORCCNTSATJON 

PEECE.VTACE II.TflBITIO.V 

1 inin.> 

20 mtn.i 

1 min.* 

20 min.* 

Citrate 0.0068 

Citrate 0.006S 

97 

100 

Citrate 0.006S 
CaCI; 0.006 

Citrate 0.006S 

57 

69 

CaCb 0.004 

56 

79 

CaCh o.ooS 

74 

76 


‘ This indicates the iengUi of time citrate was allowed to react with the blood before Ca"^ 
was added. 


histamine release indicates that the histamine release mechanism differs from the 
blood coagulation system with respect to the components affected by citrate. 

SDMiURY 

Thrombm, prothrombin, thromboplastin and Ac-globulin probably are not in- 
volved in the in vitro release of histamine by antigen from the blood cells of sensitized 
rabbits because: a) severe dicumarol treatment does not affect the histamme release, 
h) extremely large amounts of heparin only partially inhibit the histamine release, 
and c) soy bean trypsin inhibitor fails to inhibit the histamine release. 

Oxalate, citrate, Ca+^ and Mg++ inliibit the histamine release reaction at approxi- 
mately the same concentrations as are required for effective anticoagulant action. 
The liistamine release mechanism is much more rapidly inactivated by citrate than 
is any part of the blood coagulation system. 

The authors are grateful to Muriel Sproull and Ida Mae Shepperd for technical assistance. 
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COLORIMETRIC DETERMINATION OF LIPASE AND 
ESTERASE IN DOG’S SERUM ^ 
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From the Kirstein Laboratory for Surgical Research, Beth Israel Hospital, and the Department 

of Surgery, Earoard Medical School 

BOSTON, MASSACHUSETTS 

T he evidence has become increasingly convincing that there are two distinct 
esterolytic enzjnnes capable of splitting a wide variety of carboxylic acid 
esters (1-4). One enz)’-me, esterase, is abundant in liver, kidney, blood serum 
and pancreas, hydrolyzes esters of short chain fatty acids with greater facility than 
esters of long chain fatty acids and is inhibited by fluoride (5), atox5d (6, 7), and 
taurocholate (S, 9). The other enzyme, lipase, is abundant almost exclusively in 
pancreas, hydrolyzes esters of long chain fatty acids (Cg-Cis), (2, 4) is inhibited by 
quinine (10) and specifically accelerated by taurocholate (4, S). Fatty substances such 
as tribut3’-rin are hydrolj’-zed by both enzymes (ii). Even olive oil, which is con- 
sidered to be an ideal substrate for lipase, is hydrolyzed to a slight extent by esterase. 

These facts account for the lack of specificity possessed by current methods 
for measuring lipase, which utilize tributyrin (12), ‘Tween’ (13) or more reliably, 
olive oil, as substrates. The fatty acid produced by enzymatic hydrolysis is deter- 
mined by titration with N/20 sodium hydroxide (14). This is not an easy or con- 
venient procedure to perform accurately, especially in the presence of serum protein 
and a heavy emulsion. A reliable method for measuring serum lipase would provide 
a valuable tool for the study of pancreatic disease. 

A recent study of esterase and lipase activity of the tissues of several species 
by the use of three chromogenic substrates suggested the possibility of developing 
a convenient, sensitive and specific method for measuring serum lipase and esterase 
(4). It has been shown that two injections of mecholyl and eserine at 15-minute 
intervals produced a regular increase in the hydrolytic activity of dog serum upon 
olive oil (15). This technique has been modified by the use of acetic (Co), lauric (C12), 
and palmitic-stearic (Cw-Cis) acid esters of beta naphthol, instead of olive oil, as 
substrates (4). Following enzymatic hydrolysis, beta naphthol is coupled with 
tetrazotized diorthoanisidine to form a purple azo dye, which is extracted from the 
aqueous medium with ethyl acetate and measured in a photoelectric colorimeter (4). 
This method for serum lipase and esterase has been studied in dog’s serum and 
forms the basis of this report. 

Received for publication July 12, 1949. 

* This investigation was aided by a research grant from the National Cancer Institute, National 
Institutes of Health, Public Health Ser\'ice; in part, by a grant from the Massachusetts Division of 
the American Cancer Society; and, in part, by an institutional grant to Harvard University from the 
American Cancer Society. 

- Research fellow of the National Cancer Institute. 
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METHOD 

Venous blood (10 cc.) was taken from ii mongrel dogs. Immediately foBowing 
this, two subcutaneous injections at 15-minute intervals W'ere made of acetyl beta 
methylcholine hydrochloride, and of eserine sulfate (0.05 mg/kg. body weight each). 
Blood samples were taken after i hour and again after 2 hours. In two experiments 
spedmens were also taken 7 and 24 hours later. The clotted blood was centrifuged 
at 2000 rpm for 15 minutes, and the serum was diluted with water for the determina- 
tion of esterase and lipase (table 1). 

The synthesis of the substrates, beta naphthyl acetate, beta naphthyl laurate, 
and beta naphthyl palmitate-stearate, is given elsewhere (4, 16). Each substrate 
(10 mg.) was dissolved separately in acetone (2 cc. for the acetate or 10 cc. for the 
laurate or palmitate-stearate) and introduced through a submerged pipette into 
a swirling mkture of 20 cc. veronal buffer®, pn 7.4 and water (final volume 100 cc.). 
The final concentration of substrate was o.i mg/cc. To 5 cc. of each of these solu- 
tions a quantity of diluted serum (see table i) was added. Incubation was then 
conducted for the time and at the temperature given in table i. Different concentra- 


Tabue I 


ETJESTEATE 

1 

“noK rACToa 

rewoD or 
ixcudatiok 

miFturmz 

or 

nvanJATios 


■■1 


*C. 

Beta naphthyl acetate 


i 

23-27 

Beta naphthyl laurate 


2 

37-5 

Beta naphthyl palmitate-stearate 

IdI 

24 

37. S 


tions and conditions for each substrate were required because of the widely differing 
rates of en2ymatic hydrolysis of these esters. At the end of the period of incubation, 
I cc. (4 mg.) of a freshly prepared, cool solution of tetrazotized diorthoanisidine^ 
was added and shaken into each tube. A purple azo dye formed immediately. Forty 
per cent trichloroacetic acid (i cc.) was then added to break the protein-azo dye 
complex, and the pigment was extracted by shaking with 10 cc. ethyl acetate. The 
tubes were centrifuged for 15 minutes at 1500 rpm and 5 cc. of the clear, purplish-red 
organic layer was transferred to a colorimeter tube with a pipette, and measured 
with a photoelectric colorimeter (Klett) through a 540 m/x filter. From a calibration 
curve of pure beta naphthol, which is linear between 0.005 to 0.01 mg., color density 
was converted to milligrams and micromoles of naphthol. 

In experiments in which inhibitors of the reaction or activators were studied, 
the diluted serum was incubated with 1 cc. of the appropriate agent for 30 minutes 
at room temperature before the substrate solution was added. These agents were 

* Prepared (17) by mixing 66.5 cc. of a solution containing 10.3 gm. of sodium dietbyl barbitu- 
rate in 300 cc. of distilled water with 33.5 cc. of an o.i m hydrochloric acid solution. 

* Available commercially in powder form, containing 20% tetrazotized diorthoanisidine, s% 
anc chloride and 20% alumintun sulfate, under the trade name, Dupont Naphthanil Diazo Blue B. 
Provided through the courtesy of Dr. E. R. laughlin, Dupont de Nemours and Co., Boston, Mass. 
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stored in the refrigerator in the following concentrations: sodium fluoridCj 30 mg/cc.; 
sodium taurocholate, 2.2. mg/cc.; and quinine sulfate, 40 mg/cc. 

RESULTS 

The sera of ii dogs showed little change in ability to hydrolyze beta naphthyl 
acetate after injection of mecholyl and eserine. However, with naphthyl laurate 
and naphthyl palmitate-stearate, the sera of 7 dogs showed an appreciable increase 
in esterolytic activity after mecholyl and eserine, 2 showed a slight increase in 
enzjnnatic activity and 2 were unaffected. The data in 4 experiments which showed 
a significant elevation in enzymatic activity are given in table 2. These increases 
were more striking when the sera were exposed to sodium taurocholate prior to 

T/VBtE 2. Esterolytic activity of dog serum before and after injection of mecholyl and 

ESERINE 


i 

1 

sunsTR-^Ti: 

EXPEK. NO, 

inCSOUOtE! 

PER 

Before 

Injection 

; OP NAPSTHOt 
CC. OF SERUU/l 

1 Hour After 
Injection 

. LIBERATED 
lOtTR 

2 Hours After 
Injection 

Beta naphthyl acetate 

2 

39 

41 

41 


4 

24 

27 

31 


9 

75 

92 

92 


10 

55 

58 

66 

Beta naphthyl laurate 

3 

0.43 

0.63 

0.49 


4 

0.28 

0.42 

0.42 


9 

0.76 

2.7 

2.4 


10 

0.49 

0.77 

0.63 

Beta naphthyl palmitate-stearate 

3 

0.03 

0.04 

0.03 


4 

0.00 

O.OI 

O.OI 


9 

0.06 

0.22 

0.14 


10 

0.03 

0 

M 

0 

0.05 


incubation with the substrates (table 3). Under these conditions, the sera of 9 of 
II dogs showed marked increases in esterolytic power for all 3 esters after mecholyl 
and eserine injection (fig. i). The rises in esterolytic power caused by sodium tauro- 
cholate were 12 to 228 per cent (acetate), 33 to 620 per cent (laurate), and 42 to 900 
per cent (pahnitate-stearate). 

In 2 dogs followed for 24 hours after mecholyl and eserine injection (fig. i), a 
slow fall in esterase and lipase activity was noted between 2 and 6 hours. Normal 
levels were reached within 24 hours. 

Further evidence for the specificity of action of the enzyme which appeared 
in increased amount in the serum after mecholyl and eserine was provided by experi- 

• Liver and pancreas were homogenized and diluted with water so that each cc. contained the 
folloiving wet weight (i) of liver; 0.25-0.5 mg. for acetate substrate, i.o mg. for laurate, and 5.0 mg. 
for palmitate-stearate; and (2) of pancreas: 0.1-0.2 mg. for acetate and laurate, and o.i mg. for the 
palmitate-stearate. 
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ments with taurocholate, fluoride and quinine. Homogenates® of liver and pancreas 
were prepared and tested in exactly the same way as serum (table 4). 

The esterolytic action of liver was inhibited by sodium taurocholate, whereas 
that of pancreas and serum (Si) was accelerated. Serum after injection of raecholyl 


Table 3. Esterolvitc AcmuTY or dog sekom AcnvATED bv sodium taurocholate before and 

AFTER INJECTION OF MECnOLYX, AND ESERINE 


SUBSTEATE 

ZXPZTL KO, 

i 

1 

i 

inCEOiroiE 
PEE 1 

Before 

Injection 

s or KArarnoi 
cc. or sEstJif/) 

1 Hour After 
Injection 

-LIBEEATED 

lOXJZ 

2 Hours After 
Injection 

Beta naphtfajd acetate 

3 1 

ss 

72 1 

So 


4 ! 

30 

Ss ' 

9S 


9 

73 

117 

117 


10 i 

68 

117 

I17 

Beta naphthyl laurate 

i 

^ 1 

i 

S -5 i 

6.6 

s.s 


4 

1,2 

9.0 

9.8 


9 1 

7.6 

9-7 

9.S 


10 j 

3.5 1 

9-7 

9 .S 

Beta naphthyl palmitate-stcarate 

3 1 

i 

o.oS 

0.27 

0,3s 


4 

0.04 

0.38 

0.41 


9 

0.15 

0.41 

0.41 


10 

0,04 

0.41 

0.41 



Fig. I. The first graph sliows the esterolytic activi^ of dog serum on 3 substrates after the 
injection of mecholyl and eserinc. The data is plotted in percentage of the actmty of the pre-injectioa 
level and shows that the enzyme which appears in the serum hydrolyzes preferentially the higher 
fatty add esters. The second graph shows the stimulating action of taurocholate on the hydrolytic 
activity of the enzyme (lipase) which appears in the serum after injection of mecholyl and eserine. 
The peaks of the rises were actually higher than shomi (beyond range of the colorimeter). The greatest 
effect of taurocholate is shown with beta naphthyl laurate. 

and eserine (S2) was accelerated even more, suggesting that the increased hydrolytic 
activity of serum was due to an enzyme (lipase) found in pancreas and not in liver. 
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Sodium fluoride inhibited markedly the action of the tissues and serum on the 
3 substrates. However, when both taurocholate and fluoride were added, although 
inhibition of hydrolysis was still observed in liver and serum (Si), accentuation 
was observed with pancreas on all 3 substrates, and with serum (S2) on the laurate 
and palmitate-stearate esters. Thus the activating effect of taurocholate on lipase 
was apparent even in the presence of fluoride. 

Quinine inhibited esterolysis, except for two instances of acceleration; i.e. 
pancreas on the acetate substrate, and liver on the palmitate-stearate substrate. 
With both taurocholate and quinine, the quinine effect was the same but more pro- 
nounced except for one instance of reversal; i.e. increased hydrolysis of naphthyl 
laurate by pancreas. 


Table 4. Effects of certain agents upon esterolytic activity of liver, pancreas, and 

SERUM IN THE DOG> 


Ei:AGENTS 

BETA NAPHTHYL ACETATE 

1 

BETA NAPHTHYL LAUEATE j 

BETA NAPHTHYL PAIAnTAXE-STEAEATE 

i Liver 

! Pan- 
creas 


Serum 

2» 

i Liver 

Pan- 

creas 



Liver 

Pan- 
creas 1 

Serum 

1= 

Serum 2= 

Sodium tauro- 
cholate 

00 

A — h 

+ 

i 

++ 

0 

++ 

++ 

+++ 

1 

0 

+ + 

+ 

++++ 

Sodium fluoride 

000 

000 

000 

000 

000 

000 

000 

000 

00 

00 

000 

ooo 

Sodium fluoride 
and sodium 
taurocholate 

00 

+ 

00 

00 

0000 

++I 

0 

+ + 1 

0 

++ 

00 

++ 

Quinine 

0 


000 

000 

0 

0000 

000 

1 000 

+++ 

0000 

000 

ooo 

Quinine and so- 
dium tauro- 
cholate 

000 

++ 

0000 

000 

00 

+ 

000 

000 

+ + + 

0000 

0000 

0000 


* Symbols have the following meaning: 
Inhibition Acceleration 


o + slight 

00 -i--!- strong 

000 -f-f— {- marked 

0000 -I — I — I — I- maximum 

2 Serum i refers to serum taken before injection of eserine and mecholyl, while serum 2 refers to 
serum taken i hour following injection. 


DISCUSSION 

The work of several investigators (1-4) indicated that the esterolytic activity 
of liver and serum differed from that of pancreas according to the type of substrate 
which was readily hydrolyzed by each. Other evidence for the specificity of pan- 
creatic lipase was afforded by the experiments of Cherry and Crandall (14), and 
later by Nothman, Pratt and Benotti (18), in which an increase in the amount of 
enzyme able to split olive oil was demonstrated in the serum of the dog after pan- 
creatic injury, whereas no increase in ethjd butjTase activity was demonstrated under 
these conditions. Similar changes were reported by Popper and Necheles (15) after 
injection of mecholyl and eserine. The experiments with the chromogenic sub- 
strates reported here confirm* these observations. 













342 


A. M. SELIGMAN, M, M. NACHLAS AND M. C. MOLtOMO Volume 159 


Since esterase may hydrolyze olive oil to a slight extent and lipase may hydrolyze 
esters of short chain fatty acids, more conclusive proof of the specificity of the lipase 
activity in serum was needed. This was provided by the experiments with tauro- 
cholate and to a lesser degree with the other accelerators or inhibitors. Since tauro- 
cholate inhibits the esterolytic action of liver (esterase) and accelerates the activity 
of pancreas (lipase), acceleration of the esterolytic activity of serum, particularly 
after mecholyl and eserine injection, indicates that the enz3ane appearing in the 
blood is pancreatic in origin (lipase). The taurocholate effect not only adds specificity 
to the serum lipase determination but increased sensitivity as well. 

The strong hydrol5’'tic action of serum on naphthyl acetate demonstrates 
esterase; the smaller hydrol5’’tic action of serum on naphthyl laurate and pahnitate- 
stearate demonstrates both esterase and lipase. Liver acts similarly. However, the 
constant accelerating effect of taurocholate upon serum and its inhibitory effect on 
liver indicates that lipase is present in normal serum but not in liver, within the 
limits of this method. 

^\^^ile human liver and pancreas act the same as dog liver and pancreas, human 
serum differs from dog serum in that lipase is not demonstrable bj” this technique 
in normal serum. The determination of serum lipase and esterase in man will form 
the subject of another communication (19). 

SDiGIAEY 

Methods for the colorimetric determination of esterase and lipase in the serum of 
dogs are given. Increase in lipase content of serum was demonstrated in dogs after 
injection of mecholyl and eserine. Evidence that esterase and lipase can be separately 
determined in serum was provided by experiments with specific accelerators and 
inliibitors of enzymatic activitj’’ in serum, liver, and pancreas. 
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TGGINS and Anderson (i) working with rats and Mann, Fishback, Gay 
and Green (2), with dogs concluded that little or no parenchymal liver 
regeneration occurred when biliary flow was obstructed. As a result of the 
following experiments, we believe that liver regeneration does occur in the rat in the 
early mid-stages of biliary stasis to a degree equal to that occurring in pair-fed tm- 
obstructed controls. This is based on observations of liver mass (both wet and dry), 
liver protein and mitotic activity. 


METHODS 

Male Wistar rats, averaging 250 grams in body weight, were placed on a syn- 
thetic non-protein diet (G-2) for 14 days. The animals, under ether anesthesia, were 
subjected to a 70 per cent partial hepatectomy, followed immediately by high ligation 
and division of the common bile duct. Animals partially hepatectomized only served 
as controls. 

Postoperatively, four groups of biliary obstructed rats were fed a 10 per cent 
casein, low fat diet (G-6) while control groups were fed the same diet, some ad 
libihmi, and others limited to the amount eaten by the obstructed animals. The rats 
were killed on the 2nd, 4th, 8th and 14th postoperative days under intra-peritoneal 
sodiiun amytal anesthesia. At both operation and autopsy, liver mass (both in the 
wet and dry state) was determined, and analyses for protein, glycogen and lipid 
were carried out as previously described (3). At autopsy, blood was obtained from the 
inferior vena cava for serum protein, prothrombin and icterus index determinations. 
All livers were examined histologically. Other groups of rats subjected to the same 
preoperative and operative procedures as those described were fed postoperatively, i) 
a non-protein, low fat diet (G-2) ; 2) a high protein, low fat diet (G-i); and j) a high 
fat (30%), 13.2 per cent protein diet (F-4) with and without supplemental desiccated 
pig bile^ (0.5%). These rats were killed on the 14th postoperative day. The composi- 
tion of all diets is given in table i. 

Received for publication June 8, 1949. 

1 Presented in part at the meeting of the American Society of Biological Chemists in Detroit, 
April 21, 1949 {Federation Proc., 8:262, 1949). This study was done under contract between the Dept, 
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One group of rats after 14 days of protein depletion was subjected to high 
ligation and division of the common bile duct alone, without partial hepatectomy. 
They were fed diet G-6 and were killed on the 14th postoperative day. Control rats, 
pair-fed to these, had laparotomy only. 

One further group of rats after 7 days’ protein depletion had ligation of the 
common bile duct and after a second 7-day period of protein depletion were sub- 
jected to partial hepatectomy.® They were then fed a 10 per cent casein low fat diet 
(G-6) and were killed on the 14th day following the second operation. Parenteral 
vitamin K (Sjmkovite i mg.) was administered to each of these rats on three occasions 
near the time of their second operation. 

Food consumption and body weight of all rats were recorded daily. Four days 
prior to operation and during the entire postoperative period, nitrogen analyses of 
feces and urine were done dailj'- (4). 


Table i 


c-s 06 c-i r-4 


Sucrose gi Si 73 4S.9 

Casein o 10 rS 13.2 

Cod liver oil 3 3 3 3 

Salts 4 4 4 5 ‘3 

Celluflour 222 2.6 

Mazola 2 

Crisco 2$ 


Cal/gm 3.9 3,9 3.9 5,2 


Composition of Diets. All diets contained a vitamin supplement consisting of the folloiving quan- 
tities per lo.o gm, unit of food; thiamine, riboflawn and pjTidoxine, o.x mg. each; nicotinic add, 
i.o mg.; inositol, 6.0 mg.; para-aminobcnzoic acid 2.0 mg.; caldum pantethenate 0.6 mg.; and cho- 
line chloride 20.0 mg. In diet F-4, the amount of choline was doubled. All biliary obstructed ani- 
mals received also oral vitamin K (Jlenadione) 0.05 mg/ 10 gm. of food. 


RESULTS 

Essential data are summarized in table 2. Comparison of the 10 per cent casein- 
fed (G-6) biliar)’- obstructed and control rats, killed on the and, 4th, Sth and 14th 
postoperative days (e.xper. i), is facilitated by the diagrams shown as figures i and 2. 

Figure i shows the amounts of liver protein regeneration. All biliar}’- obstructed 
animals suffered approximately a 50 per cent reduction of appetite, and, accordingly, 
some controls were pair-fed (limited) with the jaundiced rats, and others were fed 
ad libitunu It is seen throughout all postoperative periods that the biliar}’- obstructed 
rats regenerated more liver protein than did unobstructed rats, whether pair-fed, or 
fed ad libitum. 

A portion, however, of the protein regenerated in obstructed rats was due to 

® From other studies, the median and left lateral lobes comprised 65 per cent (not 70%) of the 
total liver mass when biliary outflow was obstructed for this period. 
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Tabi;e 2. Data of biliary obsteucted akd unobstructed control rats 
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1 Liver regeneration and nitrogen intake and balances are expressed in gm/ioo gm. initial body weight. Values 
shown are averages for each eiperunental group. VTiere individual values were determined, the standard deviation is 

shown: S.D.= 

5 Data previously published as experiment xA and jB respectively, by Gurd, Vars and Ravdin (3). 


bile duct proliferation and fibrosis, which was always observed. Some, too, might be 
associated with the increased fluid content of these livers either as plasma or lymph. 
In figure i, the shaded non-outlined segment of the bars represents an estimation of 
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this non-parenchyma! protein. It is seen that even with the subtraction of this portion, 
liver protein regeneration in the bhiaiy obstructed livers occurs apace of the pair-fed 
controls but lags behind those fed ad libitum. No accurate method of calculating this 
portion of protein was found. The estimation of the extra fibrous tissue and duct 
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Fig. I. Xj^fER PROTEm REGENEUATiOK in biliary obstructed and control rats following partial 
hepatectomy. 
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Fig. 2 . Liver mass regeneration in biliary obstructed and control rats folloiving partial 
bepatectOEuy. 


protein was made from the histological appearance of the livers (Masson’s trichrome, 
and Laidlaw’s reticulum stain), while the extra fluid present in the biliary obstructed 
livers was considered to contain at most 8 per cent protein. 

All biliary obstructed rats and pair-fed controls were in negative total nitrogen 
balance to an equal degree, while ad libitum-fed controls maintained a positive bal- 
ance, Jaundice per se did not significantly increase the degree of negative nitrogen 
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balance over pair-fed non-jaundiced controls, when both had been previously protein 
depleted. This was not the case, however, when both groups had been well fed 
previously. 

Figure 2 shows the amounts of liver mass regeneration (both wet and diy) 
occurring in these groups of rats. It is evident that, by weight as well as by protein, 
the biliary obstructed rats regenerated more than did both pair-fed and ad lihilum 
fed controls. 

Mitotic cell counts were made on sections of the livers from these groups of 
rats by the method used by Brues and Marble (5), that is the number of mitotic nuclei 
per 1000 hepatic cell nuclei. These counts were made under oil immersion, and 
approximately 20 fields dispersed throughout all parts of each section were required 
to be examined in order to coimt 1000 liver cells. Duct-ceU mitoses were distiuguished 
and excluded. Figure 3 graphically demonstrates mitotic activity in both biliary 
obstructed and unobstructed livers from groups of rats fed comparable diets. Mitotic 



Toafopcrativc Period 

Fig. 3. Number of mitoses per 1000 hepatic ceix nuclei in biliary obstructed and control 
rats following partial hepatectomy. 

counts of parenchymal cells in biliary obstructed livers and unobstructed controls 
were equal at the 2nd postoperative day. From that point on, mitotic activity in the 
controls rapidly decreased irntU. mitoses were rare on the 8th and 14th postoperative 
days. In the obstructed livers, however, mitotic activity reached a peak on the 4th 
postoperative day and from then on decreased, but remained much higher than did 
that of the controls. It may be that the continued insult to the obstructed livers of 
the jaimdice, and the increasing biliary distention, stimulated the parenchymal cells 
to greater regenerative efforts. 

The biliary obstructed rats, which were fed various diets and killed 14 days 
postoperatively {exper. 2) regenerated liver protein in proportion to the amount of 
protein in the diet. With non-protein (G-2), 10 per cent casein (G-6), and 18 per cent 
casein (G-i) diets, liver protein regeneration was 0.23, 0.36 and 0.52 gm/ioo gm. of 
initial body weight respectively. Vars and Gurd (3, 4; 6) obtained similar but lower 
results in unobstructed rats. 

Two groups of biliary obstructed and partially hepatectomized rats {exper. 3) 
were fed a high fat diet containing 13.2 per cent casein (F-4). One of these groups 
received desiccated pig bile (Desicol) 0.5 per cent in the diet. When killed, 14 days 
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postoperative, no significant difference was noted in these two groups either in liver 
mass, liver protein, dietar^'^ intake or nitrogen balance. They regenerated liver protein 
(0.36 gm/ioo gm. of initial body weight) equal to that regenerated by rats fed a low 
fat diet, although their nitrogen and caloric intake was less.® They were, however, in 
marked negative nitrogen balance and in poor physical condition. Total postoperative 
fecal fat determinations were made on the two groups fed a high fat diet,' A slight 
but greater fecal fat excretion occurred in the group fed bile, although the fat intake 
of the two groups was practically equal. Fecal nitrogen excretion was unaffected. 
It may be that the presence of bile in the diet stimulated intestinal motility, so that 
there was less time for fat absorption. Fecal fat e.xcretion in biliai^'- obstructed rats 
fed a 3 per cent fat diet compared to unobstructed pair-fed controls was found to be 
twice as great.® 

One group of rats, ha\nng been protein-depleted for 14 days, then had their 
common bile ducts ligated, but without partial hepatectomy (exper. 5). They were 
then re-alimented on a 10 per cent casein low fat diet (G-6). A control group, sub- 
jected to laparotomy alone, was pair-fed with the above. When killed, on the 14th 
postoperative day, the biliary obstructed rats had livers which weighed wet 4.71 =ir 
0.39 gm., dry 1,06 dtz 0.08 gm., and contained 0.71 ± 0.05 gm, of protem, all per 
100 gm. of initial body weight. Control livers weighed wet 2.32 ± 0,09 gm., dry 
0.68 ± 0.03 gm., and contained 0.50 =h 0.02 gm. of protein. The nitrogen intake and 
balance in both were identical. These two groups of rats were subjected to similar 
procedures in all respects, except for the addition of common bile duct ligation in one. 
Upon the assumption that their liver protein restitution should have been the same, 
the difference in liver protein between the biliary obstructed livers (0.71 gm.) and the 
unobstructed controls (0.50 gm.) may be considered to be the protein of duct pro- 
liferation, fibrosis and edema. The factor ,704 corrects for this portion of protein. 

Using this factor to correct all 14-day common bile duct ligated and partially 
hepatectomized rats fed various diets, we may presume to obtain relatively true 
protein regeneration values of 0,16, 0.25, and 0,37 grams witli non-protein (G-2), 
10 per cent casein, (G-6) and 18 per cent casein (G-i) diets respectively. These values 
are identical to the protein regeneration w’hich occurred in non-obstructed controls 
fed comparable diets.® 

The group of rats subjected to common bile duct ligation, and one week later to 
partial-hepatectomy {exper. 4), fared better than e.xpected. They ate well a 10 per cent 
casein, low fat diet (G-6), and were killed on the 14th day after partial hepatectomy. 

® Biliary obstructed rats fed 30 per cent fat diet had N intake = .33 gm; cal. intake = lox 
cal.; cal. intake less fecal fat-excretion cals. = 7S cal,; N balance = —.19 gm. Biliarj’- obstructed rats 
fed 3 per cent fat diet had N intake = .46 gm.; cal. intake = 139 cal.; and N balance = — . 02 gm. 
(all per 100 gm. initial body weight), 

^ Biliary obstructed rats fed 30 per cent fat diet with and without bile had fat intakes of 5.6 
and 5.3 gm., and fecal fat excretions of 3.11 and 1.95 gm. respectively per 100 gm. initial body 
weight. 

* Biliary obstructed rats fed 3 per cent fat diet had a fat intake of i.o gm., and fecal fat excre- 
tion of 0.34 gm., while unobstructed pair-fed controls had fecal fat e.xcretion of 0.14 gm. per 100 
gm. of initial body weight. 

® Control values for diets G-2 and G-i of 0.17 db 0,01 and 0.37 ± 0.04 gm/ioo gm. of initial 
body weight were obtained from data of Vars and Gurd (4). 
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They regenerated liver mass wet, 1.99 rfc 0.43 gm., diy 0,50 zfc o.io gm., and liver 
protein o.aidb 0.03 gm., with a nitrogen intake of o.68± 0.16 gm., and a positive 
nitrogen balance of 0.18 ± 0.13 gm. Comparable imobstructed rats (4) regenerated 
liver mass wet, 1.98 ± 0.38 gm., dry 0.60 ± 0.13 gm., and liver protein 0.30 d= 0.02 
gm., with a slightly greater nitrogen intake of 0.77 do 0.09 gm., and a balance of 
+0.24 ± 0.06 gm. all per 100 grams of initial body weight. These previously biliary 
obstructed rats also regenerated liver apace with non-obstructed rats. 

Lipid and glycogen determinations were done on all pooled livers of groups of 
rats at both operation and death. Lipid values at operation were constant at 6 to 
7 per cent. At death they all remained the same or were less (3-4%). No livers were 
fatty in either the biliary obstructed or unobstructed rats, even when the diet con- 
tained 30 per cent fat. Glycogen values at operation varied from 6 to 10 per cent and 
at death were universally below i per cent in obstructed animals and in pair-fed 
controls, but were maintained around 6 per cent in ad libituni-fed controls. 

Plasma proteins at death were all of a fairly uniform level of 5 gm. per cent, 
although rats which received higher protein diets tended to have slightly higher 
plasma protein values than did rats with a lesser protein intake. 

Prothrombin percentage never reached critical levels in any of the rats. Biliary 
obstructed rats had levels of approximately 70 to 80 per cent while controls had 90 
to 100 per cent. The icterus index of the jaundiced rats varied from 35 to 62 (normal 
18). 

Seventy-eight rats were subjected to common bile duct ligation with and without 
partial hepatectomy. Of these 14 could not be used either because of some associated 
pathology or death. The over-all mortality of the biliary obstructed animals was 
15.4 per cent. 

Grossly, all biliary obstructed livers developed increasmg fibrosis depending on 
the duration of the obstruction. At 14 days, the livers were large, tawny in color and 
of a firm rubbery consistency. Several showed early fine nodularity, and pin point 
areas of necrosis were observed. The common bile ducts were tense, thin-waUed and 
markedly dilated, containing from one to three cc. of usually pale watery bile, but 
occasionally thicker turbid bUe. Adhesions were frequent, and often the duodenum 
was displaced by the distended choledochus, but no instances of intestinal obstruction 
were noted. Routinely the intestinal tract was inspected to ascertain the absence of 
bile staining. Occasionally in rats that died and in a few which were killed a massive 
lobar necrosis was observed in the livers, particularly where the distended common 
bile duct caused pressure of the liver against the rib margin or vertebral column. 
This distribution of necrosis was previously observed and reported by Estrada, 
Simpson and Vars (7) in their studies of gastric distention and liver damage. Data 
obtained firom these livers were not included in the computation of the results. Two or 
three livers contained small hilar abscesses, invariably accompanied by wound in- 
fection. These also were excluded. No other organs of the body showed an3'- ab- 
normality, although in long standing biliary obstructed rats, the spleen always 
appeared slightly larger than in controls. Ascites was not observed. 

Microscopically, the biliary obstructed livers showed a progressive inter and 
intralobular fibrosis, occurring predominantly in portal areas. Marked ductal pro- 
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liferation was present. The liver cells showed no evidence of fatty infiltration. They 
were frequently irregular with slminken cytoplasm, no doubt partly due to their 
low gtycogen content. Usually they stained pale, except for occasional cords of cells 
which stained darker. Tiny focal areas of necrosis were frequently obsen’ed in 
various stages of formation and repair. Small numbers of inflammatory' cells were 
seen in tliese areas of necrosis but not elsewhere. The kidneys and spleen were also 
examined microscopically and showed no marked abnormality. Bile thrombi were 
seen in the kidneys; the spleens were congested and appeared to have increased 
fibrous tissue stroma. 


COXCLUSIOKS .^^TD STOMARY 

Protein-depleted rats, subjected to partial hepatcctomy and to simultaneous 
high ligation and division of the common bile duct, regenerated in the 14-day post- 
operative period liver mass and liver protein in excess of ad Ubilum-lQd and pair-fed 
control rats subjected to the same procedures axcept for ligation and division of the 
common bile duct. After subtracting the amount of (liver) protein estimated to be due 
to bile duct proliferation and hepatic fibrosis, the parenchymal cell protein regenera- 
tion in biliary obstructed rats equalled that occurring in unobstructed pair-fed 
controls. Liver protein regeneration in bHiaiy obstructed rats, as in unobstructed 
rats, was proportional to the protein intake in the post-operative period. 

A high fat diet did not decrease liver protein production though it increased the 
negative nitrogen balance. The addition of bile to the high fat diet caused no material 
change in metabolism or liver regeneration. Jaundice per se in previously protein- 
depleted rats did not alter the nitrogen balance from that of unobstructed pair-fed 
rats. Coimts of parenchymal cell mitoses at inter\^als following partial hepatectomy 
indicated active parenchymal regenerative efforts on the part of the biliary ob- 
structed livers. 
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EFFECT OF ECK FISTULA FORMATION, SIMPLE PORTAL 
OBSTRUCTION AND MEAT INTOXICATION’ ON SERUM 
PHOSPHATASE AND DYE CLEARANCE OF ADULT DOGS 

SMITH FREEMAN 

Prom the Department of Experimental Medicine, Northwestern University Medical School 

CHICAGO, ILLINOIS 

T he general effects of depriving the liver of its portal blood supply by means 
of an Eck fistula (portal vein ligation proximal to the site of portacaval 
anastomosis) has been described by numerous investigators (1-3). It is com- 
monly agreed that Eck fistula dogs ordinarily manifest anorexia and weight loss, 
frequently d3dng in an advanced state of cachexia, anemia and debility. Impairment 
in the ability of the Eck fistula dog to synthesize plasma proteins, hemoglobin (4) 
and bile salts (5), to store fluids (6) and destroy uric acid (7) have been reported. 
However, dye clearance studies reported by B oilman and Mann (7) failed to demon- 
strate definite impairment in liver function, although their comments indicate that 
an impairment could be demonstrated with large amounts of rose bengal. Portal ob- 
struction without portacaval anastomosis results in less atrophy of the liver than 
occurs in the Eck fistula dogs and the animals remain in relatively good health (3). 

The intolerance of Eck fistula dogs to meat has long been recognized (i), but 
Whipple et al. have shown (4) that Eck fistula dogs can be maintained in relatively 
good health for several years. It has not been reported that dogs with simple portal 
obstruction are susceptible to meat intoxication. 

The literature pertaining to Eck fistula and simple portal vein obstructed animals 
contains little data with regard to dye clearance and essentially no information con- 
cerning serum phosphatase activity. Previous studies from this laboratory have shown 
that the rose bengal dye clearance and serum phosphatase tests can be used to dem- 
onstrate changes in hepatic fimction xmder certain circumstances. In the present 
study these tests were applied to Eck fistula, simple portal vem obstructed, and 
normal dogs, with and without meat feeding. 

EXPERIMENTAL PROCEDURE 

Medium to large (30-40 lb.) adult dogs of both sexes were used for this study. The postoperative 
diet routinely consisted of Pard, bread and milk. Initially the Eck fistula was formed according to 
the procedure described by Fishback (2). More recently a special clamp was devised to aid the forma- 
tion of this anastomosis (8). Simple complete portal ligation was carried out in two stages. The second 
operation was usually 3 to 4 weeks after partial portal obstruction had been produced. Obstruction 
of the portal vein both with and without portacaval anastomosis was always just proximal to the 
point of entrance of the pancreatic vein into the main portal vessel. “Meat intoxication’ was produced 
by feeding 50 gm/kg. of ground raw lean horsemeat daily. Frequently it was necessary to force-feed 
the operated dogs, in which case the diet was more completely retained if fed in divided portions. 
The methods of estimation of serum phosphatase and rose bengal dye clearance have been described 
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previously (9), These tests were usually made at wcckl}' intervals on each animal during the period 
of study, whidi varied from a few weeks to several months. 

RESULTS 

The effects of Eck fistula formation on the dye clearance and serum pliosphatase 
of the dog are shown in the accompanying table. Without exception there was a 
definite decline in the dye clearance. This decline was apparent soon after the opera- 
tion and usually progressed, reaching values in some instances that were only approxi- 
mately one-third of the preoperative value. Following Eck fistula formation the serum 
phosphatase undern'ent a definite increase (see table). In some animals it reached 
values that were many times normal, while in other instances the rise was not so 
striking. Usually there was an inverse relation between the dye clearance and the 
serum phosphatase value. 

Simple portal obstruction usuall}'’ produced a slight decline in the dye clearance, 
accompanied by an increase in serum phosphatase (see table). The change from the 
normal values for these tests after simple portal obstruction was less striking than 
that after Eck fistula formation. The /-ratios indicate that the changes are significant 
after both operations. 

‘Meat intoxication’ was produced in ii Eck fistula dogs. The incidence of meat 
intoxication was increased by using the clamp in preparing the portacaval anasto- 
mosis. In every instance the appearance of the sjonptoms of ‘meat intoxication’ 
(ataxia, blindness, spasticity) was associated in Eck fistula dogs with an increase in 
serum phosphatase (see table). The individual increase varied considerably and the 
striking increase in one animal from ii to 65 Bodansky Units lowered the /-ratio. 
Including this animal it is 2.54; excluding this animal, 3.5. However, both values indi- 
cate that there is little likeliliood that the obser\'ed differences could be e.xplained as 
due to chance variation (2% and 1%, respectively, 9a). In one instance a marked 
increase (88 units in 26 days) in serum phosphatase occurred in an Eck fistula dog 
during the period of meat feeding, but the dog remained in good health. In 7 out of 12 
instances of ‘meat intoxication’ in Eck fistula dogs there was a striking associated 
decline in dye clearance, while in 5 other instances this change was relatively slight. 
The onset of ‘meat intoxication’ was often sudden; some dogs became moribund in 
24 to 48 hours after the onset of symptoms. The average time required for ‘meat 
intoxication’ to occur was 9 days after the onset of meat feeding. The animals that 
rapidly became moribund showed the least change in liver function tests. 

There were no consistent changes in the liver function tests during the time that 
the portal vein obstructed dogs were fed meat (see table). ‘Meat intoxication’ was 
produced in one of 5 simple portal vein obstructed dogs fed exclusivel}’’ on horsemeat 
without significant changes occurring in the liver function tests. This animal mani- 
fested the classical symptoms of ‘meat intoxication’ after 7 days on meat and was 
twice presumed to be dying. However, it made a spontaneous recovery, resumed 
eating meat, and did not develop meat intoxication again even though the daily intake 
of meat was increased to 100 gm/kg. daily for 3 weeks. 

Four normal dogs fed meat showed no change or a slight decline in dye clearance. 
Their phosphatase values remained within the normal range (see table). 
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' — arbitrary units^ ® == Bodansky units; ^ — days after Eck fistula operation; ^ = days after portal ligation; ^ = days required for meat intoxica- 
tion to develop in Eck fistula dogs; " = days on meat diet. 
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DISCUSSION 

The obsen^ations herein presented indicate a definite reduction in the rate of 
rose bengal excretion as a result of Eck fisutula formation. The reduction was variable 
in amount, but the average reduction v;as to a value approaching half of the preopera- 
tive one. The lowest values for dye excretion were usually not obtained immediately 
after operation; therefore, it is reasonable to suppose that secondary changes occur- 
ring in the liver contribute to the loss of excretory function for the dye. The liver is 
reduced in size after Eck fistula formation, indicating that considerable parenchyma 
must be lost. In addition, an increase in liver fat may occur. Failure of others to dem- 
onstrate clearly the effect of Eck fistula formation on dye clearance was probably due 
to a difference in the technique used for demonstrating the rate of dye disappearance. 

Simple portal obstruction also caused a definite reduction in the rose bengal dye 
clearance. However, the effect -was less marked and less consistent than the reduction 
caused by Eck fistula formation. The difference between the two groups probably 
reflects the difference in the degree of reduction in hepatic circulation. Portal hyper- 
tension is produced by simple ligation of the vessels and this stimulates the develop- 
ment of a collateral circulation, part of which goes to the liver, as evidenced in the 
group herein presented by the enlargement of numerous small vessels entering the 
hilus of the liver. Formation of an Eck fistula with an adequate stoma does not lead 
to portal hypertension, as judged in this group by the absence of well-defined venous 
collaterals at the hilus of the liver. The fact that there is less atrophy of the liver in 
dogs with simple portal obstruction than in Eck fistula animals is further evidence 
that the former group has less reduction in venous blood entering the liver. 

‘Meat intoxication’ in the Eck fistula dog frequently caused a further reduction in 
in dye clearance. The average effect in the 12 instances reported was less definite than 
the results obtained in certain individual clases. In other instances ‘meat intoxication’ 
was not associated with any further decrease in the dye clearance. The results show 
that in slightly over half of the instances ‘meat intoxication’ produced a definite and 
rapid decline in the rate of removal of rose bengal from the circulation. This observa- 
tion does not agree wdth that recently reported by Drill (10). Meat feeding in the 
simple portal vein obstructed dogs caused a significant decrease in dye clearance in 
only 2 animals. 

An increase in serum phosphatase always resulted from Eck fistula formation. 
The magnitude of increase and the rate of change varied from animal to animal, but 
the tendency was the same in every instance. Probably there is a relation between the 
size and patency of the stoma and the postoperative rise in serum phosphatase ac- 
tivity, The serum phosphatase rise reached a maximum at varying times after Eck 
fistula formation and was frequently but not invariably associated with a minimum 
dye clearance in a particular animal. ‘Meat intoxication’ consistently caused a further 
increase in serum phosphatase in the Eck fistula dog. In some animals the inverse rela- 
tion between the serum phosphatase and dye clearance (previously demonstrated in 
the protein-deficient dog, 9, ii), was apparent, whereas meat poisoning caused a 
definite change in serum phosphatase with little or no further decline in dye clearance 
in other animals. There are, however, interesting exceptions to both of these state- 
ments. For instance, the dog with simple portal obstruction that developed meat 
intoxication showed a slight decline in serum phosphatase at the time of ‘meat intoxi- 



November ip4p 


LIVER CIRCULATION AND FUNCTION 


355 


cation.’ An Eck fistula dog, wliich remained in good health during 26 days of meat 
feeding, showed a marked rise in serum phosphatase during this period with subse- 
quent decline when the meat diet was discontmued. 

There is a difference of opinion as to the significance of the increase in serum 
phosphatase that occurs in relation to liver disease. Some (12, 13) hold that the rise 
is the result of impaired excretion of the enz3rme from the blood stream by the liver, 
whereas others (14, 15) maintain that the increase results from the liver phosphatase 
gaining access to the circulation in increased amounts. If the rise in serum phospha- 
tase were simpty due to a failure of hepatic excretion of phosphatase from the blood 
stream, its rise would always inversely parallel changes m d3fe clearance. There are 
numerous instances wherein this association does not seem to exist. It was also ob- 
served by Dameron and the author (16) that bile or jaimdiced blood rich in phospha- 
tase injected intravenously into bile fistula dogs failed to alter the phosphatase output 
in the bhe, although the injected phosphatase disappeared from the circulation. In a 
pre\dous publication (15) other experimental evidence was presented favoring the 
view that the increased serum phosphatase resulting from obstruction or injury to 
the liver largely originates within the liver itself rather than in the skeleton or else- 
where in the body. 

Regardless of the origin of the serum phosphatase, its rise m the absence of extra- 
hepatic bUe duct obstruction indicates that Eck fistula fonnation causes active dam- 
age to the liver and that this damage is aggravated by ‘meat intoxication.’ The fact 
that 'meat intoxication’ contributes to disturbed hepatic function as measured by 
dye clearance and serum phosphatase may be taken as evidence that further failure 
of hepatic function is usually associated with ‘meat intoxication’ in the Eck fistula 
dog. The occurrence of ‘meat intoxication’ without changes in dye clearance or serum 
phosphatase activity in a dog with simple obstruction of the portal vein indicates that 
neither of these measurements is directly related to the hepatic failure that caused 
these symptoms. 

SUMMARY 

Eck fistula formation and simple portal vein obstruction have qualitatively the 
same effects upon serum phosphatase and rose bengal dye clearance. Eck fistxila 
formation consistently reduced the rose bengal dye clearance and increased the serum 
phosphatase of adult dogs. ‘Meat intoxication’ regularly caused a further increase in 
the serum phosphatase and frequently caused a definite decline in the dye clearance 
of Eck fistula animals. However, meat feeding did not consistently produce any 
further change in the liver function tests of the simple portal vein obstructed dogs, 
although ‘meat intoxication’ was produced in one such animal. The foregoing evidence 
indicates that neither liver function test is an index of the hepatic failure that results 
in the symptoms of ‘meat intoxication.’ 

The author wishes to acknowledge the technical assistance of Miss Margaret Griesser and Mrs. 
La Verne Hodges. 
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EFFECT OF IMPAIRED HEPATIC CIRCULATION ON 
PLASMA FREE AMINO ACIDS OF DOGS 

MURIEL H. SVEC and SMITH FREEMAN 
Frmi ihe Department of Experimental Medicine, Northwestern University Medical School 

CHICAGO, ILLINOIS 

E CK fistula dogs fed a diet of raw horsemeat and water frequently exhibit signs 
of 'meat intoxication.’ These include muscular rigidity similar to that seen in 
decerebrate animals and loss of senses, particularly vision. Some animals 
appear semi-stuporous, with ataxic gait and loss of rightmg reflexes. Animals with 
portal obstruction generally do not intoxicate upon the raw horsemeat diet. The 
literature contains no information concerning the effect of meat intoxication on the 
plasma concentration of the individual amino acids. 

Early investigations by Van Slyke (i) indicated that during digestion there was 
a greater fall in the amino nitrogen content of the blood in its passage through the 
liver of the normal animal than through the entire remainder of the body. The reduc- 
tion of blood supply to the liver by Eck fistula formation did not increase the blood 
amino nitrogen content of dogs, according to Whipple and Van Slyke (2). Accelera- 
tion of amino acid liberation in their animals by meat feeding or toxic tissue autolysis 
failed to elevate amino nitrogen levels. 

The advent of microbiological procedures for the determination of individual 
amino acids has made possible the detailed study of these substances in animals with 
altered hepatic circulation. This report concerns the effect of Eck fistula formation on 
the plasma free amino acids of fasted dogs and the effects of meat feeding on dogs with 
portal obstructions and those with Eck fistulas. 

EXPERIMENTAL 

Surgical Procedures. Initially Eck fistulas were formed according to the procedure 
described by Fishback (3). More recently a special clamp was devised to aid the 
formation of this anastomosis (4). Simple complete portal ligation was carried out in 
two stages. The second operation was performed 3 to 4 weeks after partial portal ob- 
struction had been produced by constriction of the portal vein to approximately half 
of its normal diameter just proximal to its junction with the pancreatic vein. 

Diets. Dogs which were used for the determinations of normal ranges of ammo 
acids were maintained on bread, cooked horeemeat and water. Animals with Eck 
fistulas were fed a bread-milk-Karo syrup ration. The meat diet for the production of 
intoxication consisted of raw horsemeat, 50 mg/kg. body weight per day. 

Microbiological Determinations. Heparinized blood samples were centrifuged and 
the plasma treated according to the method of Hier and Bergeim (5). L. araUnosus 
17-5 was used for the assay' of tryptophane, leucine, isoleucine and valine. Histidine, 
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metliionine, tyrosine, proline, arginine, glycine, cystine, serine and lysine were meas- 
ured with Leticonostoc mesenteroides P-6o. Sircpiococcus faecalis R. was employed in 
the assay of threonine and L. casci 7469 for phenylalanine. Assay media were dis- 


Table I. Fasting levels of plasma free amino acids in normal dogs 


Mmto Acn> 

KO. 

AKmALS 

TESTED 

NORUAL RAKGE 

AVTR- 

AOE 

AlOKO ACID 

NO, 

ANIIULS 

TESTED 

NORUAX. RANGE 

AraBACE 

. uglml, plasma 




lit/ml. plasma 




Histidine 

36 

6.6-39.7 

22.34 

Arginine 

12 

6.0-52.5 

24.9 

Tryptophane 

22 

3.2-26.0 

13-25 

Threonine 

21 

11.4-48.3 

25-9 

Methionine 

27 

2.2-18.0 

9-7 

Phenylalanine. . . 

13 

8.2-22.5 

14.5 

Tyrosine 

28 

4 - 9 - 33-0 

1S.4 

Cj'stinc 

13 

9-1-23.3 

16.4 

Proline 

17 

7 . 

17.2 

Serine 



II. ^ 

Leucine 

13 

16.2-45.0 

34-5 

Glycine 

10 

17-S-39-S 

27.2 

Isoieudne 

12 

2.4-22.5 

13-4 

Lj'sine 


22.5-41.6 

3O.S 

Valine 

IS 

IS • 0 - 37-5 

27.2 

Aspartic acid. . . . 

u 

< I 

< I 


Table 2. Constancv of fasting levels of free amino acids in dog plasma 


WEEKLY 

SAltFLES 

I 

JSOLEUeax 

LECONE 

UETHIONXNE 

TRVTTOPnANE 

TYROSINE 

VAUKE 




lig/ml. 

plasma 



Dog iSg 




i 



A 

23.2 

24-3 

6.9 

7.1 

7.8 

13-6 

B 

29.6 

28.2 

S -4 ’ 

6.3 

6.0 

18.6 

C 

39-7 

26.3 

7.2 1 

8.7 ’ 

6.3 

20.3 

D 

33 -S 

28.0 

7-8 

8.4 

12.6 

24.6 

Dog 186 







A 

37-8 

23.6 

7-9 

6.5 

3-9 

22.5 

B 

36.0 

19.4 

7.8 

7-1 

4-5 

19.5 

C 

22.8 

17.4 

6.6 

9-3 

3-6 

20,4 

D 

30.8 

22.5 

7.8 

8.3 

6.3 

22.7 

Dog 185 







A 

41.7 

30.0 

7.8 

7-4 

10.5 

20.4 

B 


31.8 

6.6 

8.6 

9-3 

22-5 

C 

36.3 

30.7 

6.0 

10.8 

6.3 

21.9 

D 

28.4 

30.7 

7-2 

10.7 

10.2 

22.8 

Dog 1S2 







A 


30.0 

6.9 

6.9 

8.4 

29.6 

B 


30.0 

7-2 

7.6 

7-5 

22.2 

C 


30.0 

8.7 

8.1 

i 9-9 

23.4 

D 


33-7 

8.1 

9-5 


33-3 


pensed in i ml. amoimts, and samples and water brought the final volume in the tubes 
to 2 ml. Each sample was assayed in duplicate at 3 levels. Standard curves were set up 
in triplicate for each assay. All data are derived from plasma obtained 12 or more 
hours after the last feeding, with the exception of that contained in table 5. 
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KESULTS 

Table i provides a list of the amino acids studied in normal dogs. The ranges and 
averages obtained from this survey were employed for comparison with blood levels 
of dogs with hepatic insufficiency. 


Table 3. Fasting levels of plasma fkee amino acids in dogs with simple portal obstructions 

ON HORSEMEAT INTOXICATION DIET 


DOG 

KO. 

DAV 0 ? 
DIET 

OBSERVED COM>mON 

HISTI- 

DINE 

TRYPTO-' 

PHANE 

METHIO- 

NINE 

TYRO- 

SINE 

PROLINE 

VALINE 

ARGI- 

NINE 

THREO- 

NINE 

PHENYL- 

ALANINE 

3S 

0 

1 

Normal 

18.0 


7-5 

8.2 

10. s 



25.4 



13 

Normal 

21.0 


7-5 

II. I 

9.6 



12. 5 


53 

0 

Normal 

7-5 

8.0 

6.7 

13.5 

4.8 






5 

Normal 

30-0 

9.6 

I 3 -S 

22.0 

15.0 






12 

Normal 

16.5 

4.8 

3-9 

13.8 

6.6 





50 

0 

Normal 

iS-6 

9-3 

7-5 

35-1 

12.3 



45.0 



5 

Normal 

42.9' 

12.0 

14.2 

36.6 

22.2 



37.5 



7 

Sick 

45.61 

10.8 

21.7 

41. 1 

30.6 



48.7 



12* 

Verj'sick 

24.0 

7-5 

4.2 

18.0 

0.0* 



28.0 



20 

Improved 

18.0 

7-1 

6-5 

15.0 

9.0 



17 . 5 



24 

Improved 


9.9 

14.7 

21.0 



i 




28 

Improved 


3-0 

13.6 

12.0 






55 

0 

Normal 


6.8 

9.7 

7-5 


10.6 

31 . 5 


13-5 


6 

Normal 


7-5 

12.7 

11.4 



60. oi 


24.4 


53 

Normal 


10.5 

9.7 

8,1 



47.7 


14.2 


62 

Normal 


14.3 

9.6 

12.0 


30.0 



18.4 


67 

Normal 


10.8 

20.6 

8*4 


16.2 



15.0 

73 

0 

Normal 

II. 2 

6.6 


II. 4 

17.7 


52.5 


17 . 5 


6 

Normal 

g.o 

8.1 


II. 4 

16 . 5 


37.5 


12.7 


53 

Normal 




14.4 

16.8 


52.5 


16.8 


62 

Normal 


15.0 

1 

II. 4 

10.9 




12.5 


67 

Normal 


15-9 


12.9 

16.5 




12.9 

98 

0 

Normal 


8.3 

9-3 

9.0 


16.8 

37 . 5 


13.8 


6 

Normal 


9.0 

1 15-0 

9.0 


17.8 

43.5 


10.7 


S 3 

Normal 


iS-o 

II, I 

6.0 


32.8 

72. 3I 


19 . 5 


62 

Normal 



9.9 

7.5 


2,0.0 



16.8 


67 

Normal 




12.0 


33.8 



15.7 


^ Outade of normal range of plasma values for dogs. ® Intoxicalion too severe for feeding 
on iith day. 


To determine the constancy of fasting levels in a given annual, samples were 
obtained from 4 dogs during 4 consecutive weeks. Table 2 shows the degree of varia- 
tion found in the levels of 6 amino acids. Methionine and tryptophane were the least 
variable; isoleucine, the most. The results of this experiment indicate that there is 












Table 4. Fasting levels of plasma free amino acids in eck fistula dogs maintained on iiorsemeat intoxication diet 
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relatively little fluctuation from week to week in 5 of 6 plasma-free amino acids of 
normal dogs on a bread and cooked-meat diet. It was considered necessary to establish 
this point in order to evaluate the results on control animals. 

Plasma free ammo acids were measured in 5 dogs before and after Eck fistula 
formation. The post-operative samples were taken 24 to 30 days after surgery. All 
5 animals showed a slightly reduced plasma cystine, while 4 of 5 had less leucine and 
3 of s less serine after the operation. Arginine was slightly reduced in the 2 animals 
tested. Tryptophane exhibited little fluctuation. Histidine was elevated slightly in 
2 of 3 dogs, remaining the same in the third animal. None of the elevated or depressed 
levels were outside the ranges established previously as normal. 

Three normal dogs and 13 dogs with Eck fistulas were placed on a raw horsemeat 
diet. The normal dogs showed no signs of poisoning even after 21 days. Eleven of the 
13 with Eck fistulas developed signs of meat intoxication 2 to ii days after the begm- 
ning of meat feedmg. Eight of the ii died. Dog 62 w'as employed in 2 successive experi- 
ments and developed severe intoxication each time. 

Six dogs with simple obstructions were included in the feeding experiments. 
Only one dog of this group became ill. He was noticeably sick on the 6th day of diet 
and on the 7th day appeared moribund. Meat was continued, by force when necessary, 
except on the 7th and nth daj's when the animal was thought to be dying. The dog 
survived and resumed eating meat spontaneously, even when the ration was increased 
to 100 gm/kg. The normal dogs on the horsemeat diet showed decreased fasting 
levels of plasma free histidine, methionine, arginine, lysine and glycine. Tryosine, 
isoleudne and serine remained fairly constant while tryptophane rose slightly in the 
one animal studied for this compound. 

Tables 3 and 4 contain the results of amino acid assays on the plasma of the re- 
maining dogs. They also show the length of time the animals had been on the raw 
horsemeat diet and their status at the time the blood samples were drawn. Two of 
the dogs with simple portal obstruction were found to have arginine levels above the 
upper limit of normal although they exhibited no sign of intoxication. Dog 50, which 
manifested the typical appearance of an intoxicated animal, showed a rise in amino 
add levels at the time when poisoning became apparent, followed by a generalized 
reduction. In some cases the amino adds dropped below the levels obtained before 
meat feeding was begun. Proline was not detectable in this animal at the height of the 
disorder. Three of the 4 dogs studied for histidine showed elevated plasma levels. In 
the case of dog 50 histidine was above normal. 

Dogs 51 and 43 had Eck fistulas but did not become intoxicated on the raw-meat 
diet. They showed a rise in tyrosine and a drop m throenine levels after 28 and 20 
days, respectively, on the diet. The Eck fistula dogs which developed meat intoxica- 
tion differed from the normal in that most of the amino acids were elevated. Six of 8 
dogs showed increased histidine. Six of 7 had elevated tyrosine levels. Seven of 7 
showed increased methionine, 4 of 5 increased leucine and 3 of 4 elevated glycine 
levels. Arginine rose in 4 out of 5 dogs. Cystine and phenylalanine increased in all 
dogs studied for these ammo acids, and serine and proline rose in 3 of 5 animals. 
Valine, tryptophane, isoleucine, lysine and threonine gave inconsistent results. Six 
of the II intoxicated dogs had fasting plasma levels above normal for 2 to 5 amino 
acids. 
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Table 5 shows the rise in plasma free amino acids following a meal of raw horse- 
meat. These data are the only ones submitted which do not represent fasting levels. 
The differences between values before and after feeding are greater for the Eck 
fistula animals than for the normal in all cases except tryptophane. Seven amino 
acids in the intoxicated and 6 in the unintoxicated Eck dog were present after feed- 
ing in amoimts higher than the upper limit of the normal fasting levels. Only trypto- 
phane and valine were in excess in the control. Three amino acids in the normal dog 
and 5 in the Eck were approximately doubled after feeding. 

DISCUSSION 

The findings described above indicate that Eck fistula formation and the re- 
sultant decreased circulation of blood through the liver does not in itself elevate the 
fasting free amino acid levels in plasma of dogs fed a diet consisting of bread and meat. 


Table 5. Effect of a 50 gm/kg. raw horsemeat meal on plasma free amino acids in dogs 


AMINO ACID 
plasma 

DOG 51 
BErOBE 

(Eck i 
kstdia) ' 
after* 

DOG 61 
BEFOBE 

(DflOX. 

Eck) 

AFTER 

DOG 63 
BEFOBE 

(normax) 

AFTER 

Threonine 

14.7 

34.9 

14.8 

27 -S 

iS-i 

28.0 

Tryptophane. 

14. 1 

19.4 ^ 

19-7 

37 -S* 

II. I 

37. 5 * 

Methionine 

14.7 

22.9* 

13.8 

27.6* 

8.2 

16.8 

Tyrosine 

28.0 

43 - 7 * 

38.7 

70.9* 

10. s 

16.6 

Proline 

15.7 

38.3* 

25.8 

38.4’ 

23.2 

31-0 

Histidine 

28.0 

69.0’ 

23.3 

64.5* 

I8.S 

28.4 

Arginine 

21.6 

42.6* 

48.0 

63.0* 

42.6 

47-4 

Phenylalanine 

16.8 

34 - 1 * 

9.9 

12.6 

II . 2 

11.4 

Valine 

16.2 

17.7 

24.6 

41.5' 

33-7 

45.0* 

Leucine 



38.7 

41.4 



Isoleucine 



12.2 

iS.o 




^ Above upper limits of fasting range, ^ Blood samples were taken 5 hours following the meal. 


This is in agreement with the previous work of ^^Tiipple and Van Slyke on blood amino 
nitrogen. Meat feeding, however, was associated with a demonstrable difference be- 
tween Eck fistula and normal animals. The former exhibited increased fasting levels 
of several amino acids during meat intoxication. Blood levels 5 hours after feeding 
also were shown to be higher in the dogs with Eck fistula. The 5-houx period was 
selected in view of the report of Van Slyke and Meyer (6) that blood amino nitrogen 
was approximately doubled at this time following a meal of raw beef. 

Dogs with obstructions of the portal vein ordinarily have a greater tolerance for 
the raw meat diet than has the Eck fistula animal. Dog 50 of our series is an excep- 
tion in that this animal developed unmistakable signs of meat intoxication. The 
histidine content of the plasma was elevated, as in the majority of other animals with 
meat intoxication. 

The rise in plasma free amino acids in meat-intoxicated dogs is probably an 
indication of the decreased deamination which results from loss of the portal blood 
supply to the liver. The alterations in dye clearance and serum phosphatase (7) are 
further evidence of impaired liver function in the Eck fistula animal, \Vhether or not 
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elevated levels of specific amino acids are in themselves responsible for the intoxicated 
condition of the animals might be determined by feeding or injection studies with the 
compounds which were shown to increase significantly. 

SUMMARY 

Data have been compiled on fasting levels of 16 free amino acids in the plasma 
of normal dogs. Five of 6 amino acids studied at intervals in the same animals were 
shown to be relatively constant. Dogs with simple portal obstructions, fed a diet of 
raw horsemeat, showed variable alterations in amino acid levels. One of 6 dogs in 
this series became intoxicated but recovered. Normal dogs on the same diet showed 
decreases in several amino acids. The formation of an Eck fistula did not result in 
elevated plasma free amino acids. Eleven of 13 dogs with Eck fistulas showed signs of 
meat intoxication on a diet of raw horsemeat. During intorication they exMbited 
increased plasma free histidine, tyrosine, methionine, leucine, glycine, arginine, 
cystine, phenylalanine, serme and proline. The 2 dogs which did not intoxicate showed 
an elevated plasma histidine and a decreased threonine. Other amino acids were 
relatively constant, even after 20 days on the diet. Both normal and Eck fistula 
animals showed a definite rise in the plasma free amino acids after a meal of raw 
horsemeat. The rise in levels of 6 amino acids was greater in Eck fistula dogs than in 
the normal control. 

The authors wish to acknowledge the technical assistance of Miss Margaret Griesser. 
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BROMSULPHALEIN REMOVAL RATES DURING 
HYPOTHERMIA IN THE DOG^-^ 

RADFORD BROKAW AND KENNETH E. PENROD 
From the Department of Physiology, Boston University School of Medicine 

BOSTON, MASSACHUSETTS 

I T IS generally agreed that a depression in body metabolism, as indicated by a 
reduced oxygen consumption, is usually found in animals with a rectal tempera- 
ture of 25° C. or lower. Above this level a particular function may show a de- 
pression or an elevation. Dill and Forbes (i) have shown that the total energy 
exchange in prolonged hypothermia in humans with various subnormal body 
temperatures down to 25.5° C. may be two and even three times the basal normal. 
In dogs undergoing progressive cooling Penrod (2) has found an increased oxygen 
consumption that reaches a peak at about 28° C. rectal temperature. It is concluded 
in both of these experiments that the oxygen consumption is roughly proportional to 
the degree of shivering. Rosenhain and Penrod (3) report a progressive faU in cardiac 
output of dogs after 35° C. At this temperature and above, it may be increased, al- 
though the pulse rate begins to fall approximately linearly soon after the onset of 
cooling. 

It was thought that a study of the body’s ability to remove a foreign substance 
such as bromsulphalein might yield some information concerning the activity of the 
liver and the other removal sites of the dye during early hypothermia. 

METHOD 

In normal mongrel dogs moderately anesthetized with sodium pentothal, brom- 
sulphalein (BSP)^ removal rate was measured using a single intravenous dose of 
5 mg/kg. One to 3 days later the same dogs were again anesthetized and immersed 
in an iced bath (2-5° C.). The animals were divided into grotips A and B. BSP re- 
moval was again measured, the injection being made when the rectal temperature 
reached 35° C. in group A and 30° C. in grotip B. Since these measmements were being 
made coincident with others, it was not feasible to keep the rectal temperatme at a 
constant level. The temperatures continued to fall at a rate of approximately 0.17° C. 
per minute during the test. 

Another series of 5 normo thermic dogs was given 2 BSP tests imder sodium 
pentothal at an interval of 24 hours in order to be sure that the brief interval between 


Received for publication July ii, 1949. 

1 Work done under Contract No, W 33 -o 38 ac-i 4 ^s 7 with the Aero Medical Laboratory, Air 
Materiel Command, Wright-Patterson Air Force Base, U.S.A,F. 

- This material was presented m part at the 1949 meeting of the Federation of American So- 
cieties for Experimental Biology, Detroit, and appeared in abstract form in Federation Proc. 8:17, 

1949* 

® The bromsulphalein was kindly supplied by Hynson, Westcott and Dunning, Inc. 
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tests and the anestliesia had no influence on the marked changes observed during 
hypothermia. 

In the hypotliermic dogs the dye injection was given via a carotid artery in order 
to insure adequate mixing with the circulating plasma. Blood samples for BSP con- 
centration analysis were obtained from an intravenous catheter placed in the right 
side of the heart where there was a more active flow as well as more thorough mixing 
of venous blood than in the extremities of the cooled animals. 



Fig. I. Average bsp removal rates of i6 anesthetized normothermic dogs, 7 dogs at 35® C 
(A), and ro dogs at 30“ C. (B). Ordinate, plasma BSP concentration plotted logarithmically. Ab~ 
scissa time plotted linearly. 

Blood samples were obtained at 6, 12, 20, and 30 minutes after the BSP in- 
jection in all animals. Plasma BSP determinations were made with a Coleman Jr. 
spectrophotometer^ using the teclmique described by Bradley ct al. (4). All rectal 
temperatures were recorded by means of a Leeds and Northrup ‘Speedomax’ re- 
corder. 

RESULTS 

Figure i summarizes the observed data. In the anesthetized normothermic con- 
trol tests the removal was found to be prompt and rapid, not differing appreciably 

* This method is accurate to o.i mg/ioo cc. Most errors ■will be on the low side of the true con- 
centration. Hemolyzed or turbid samples will falsely show even lower BSP concentrations and hence 
are not used. 
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from that of conscious animals and in agreement with the results of other investiga- 
tors. (BSP concentration 30 minutes after injection was 0.2 ± o.i mg/ioo cc. and 
0.3 db 0.1 mg/ioo cc. in 13 conscious and 16 anesthetized dogs respectively.) As can 
be seen from the accompanying graph, however, the percentage disappearance rate 
was not found to be constant as was the case in most of the humans examined by 
Ingelfinger el al. (5). The most rapid disappearance occurred during the first 12 
minutes after injection followed by a more gradual decline in dye concentration so 
that by 30 minutes only a small fraction of the original amount of BSP was present. 

The retarded removal rates in the two groups of hypothermic animals roughly 
paralleled each other with the colder dogs showing a greater retention and a slower 
rate. In a few animals blood samples were obtained one hour after the dye injection, and 
during the last 30 minutes onl}’- a very small additional amount of BSP was removed. 

DISCUSSION 

The exact mechanism for the BSP retention in hypothermia is not known. Two 
possible explanations are: r) Depression of the metabolic activity of the removal 
sites, and 2) reduction in hepatic blood flow. Fuhrman and Field (6) have shoum that 
there is a marked depression of the metabolism of rat kidney cortex slices and brain 
tissue as measured by their oxygen consumption and anaerobic glycolysis. The 
temperatures used by them (0.2° C.) however, were far more severe than those of 
these experiments. 

The presence of shivering vdth increased oxygen consumption demonstrates that 
the metabolism of certain body cells is frequently elevated during early hypothermia 
with a peak oxygen consiunption at about 28® C. rectal temperature. The glycogen 
stores of the liver are materially depleted indicating some increase in at least one 
of the fimctions of this organ (7). 

Since the liver is believed to be the chief site for the removal of BSP, a reduced 
hepatic blood flow could be largely responsible for the slower removal rates. Mendeloff 
el al. (8) have found a decrease in BSP removal rates in normal humans during ex- 
ercise. An immediate decrease in BSP removal has been found by Culbertson el al. 
(9) when the liver blood flow is dimim'shed by the vascular adjustments that occur 
when a patient is tilted from a recumbent position to an upright one. These studies 
indicate a close relationship between BSP removal and total hepatic blood flow. How- 
ever, cardiac output studies (3) on hypothermic dogs do not indicate that the total 
blood flow is materially reduced in the 35® C. range, but by 30° C. it is reduced by 
some 23 per cent, a figure in line with the reduced BSP clearance found. At this time 
the relative importance of diminished cellular activity and decreased blood flow in 
BSP retention cannot be decided. If the liver shares in the general reduction in 
cardiac output found after 35® C., it would appear that this factor is the more im- 
portant one. 

SUMMARY 

Plasma BSP removal rates were measured on 7 dogs at 35° C, and 10 dogs at 
30° C. rectal temperature. Both series of animals showed a marked retention and a 
slowed removal rate. The disappearance rate curves roughly paralleled each other 
with the 30° C. group showing a greater retention and a slower removal rate. De- 
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creased cellular activity or reduced hepatic blood flow or both may be responsible 
for the retarded removal rate. 
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INFLUENCE OF GRADED ARTERIAL PRESSURE DECRE- 
MENT ON RENAL" CLEARANCE OF CREATININE, 
P-AMINOHTPPURATE AND SODIUM' 

EWALD E. SELKURT, PHILIP W, HALL and MERRILL P. SPEHCER 
From the Department of Physiology, Western Reserve University Medical School 

CLEVELAND, OHIO 

I N A previous study designed to establish the relationship of renal blood flow 
to arterial perfusion pressure in the intact kidney of the dog, it was demonstrated 
that due to apparent renal autonomy, blood flow was maintained despite con- 
siderable decrease in perfusion pressure (i). This resulted in a curvilinear pressure- 
flow relationship convex toward the pressure axis. Since direct blood flow measure- 
ments only were made in this study, no conclusion could be drawn with regard to 
the behavior of the renal arterioles in this mechanism. Forster and Maes (2) studied 
the effects of elevation of mean arterial blood pressure on the clearance of creatinine 
and p-aminohippurate (PAH) in rabbits whose kidneys had been denervated and 
whose adrenal glands had been demeduUated. They found that when blood pressure 
was elevated by neurogenic mechanisms resulting from clamping of the carotid 
arteries that these clearances remained remarkably constant. This apparent constancy 
of glomerular filtration rate and effective plasma flow appeared to result from increase 
in afferent arteriolar resistance. 

In the present study, the effect of graded decrease in arterial blood pressure on 
the clearance of PAH, taken to measure effective plasma flow, and on creatinine 
clearance, measuring glomerular filtration rate, was studied in dogs. In addition, 
the reduction in glomerular filtration which accompanied the decrease in arterial 
pressure afforded an opportunity to examine the effect of reduced sodium load on the 
renal mechanism for sodium excretion. This was of particular interest because of the 
phenomenon of sodium retention accompanying the reduction in glomerular filtration 
rate and effective plasma flow noted in congestive heart failure (3, 4). 

METHODS 

Female dogs averaging 16.5 kg. in weight (range, 11,5 to 23.5) were used. They 
were anesthetized with 30 mg/kg. of pentobarbital sodium administered intravenously. 
The left kidney and dorsal aorta were exposed by a dorsal retroperitoneal approach. 
The left ureter was catheterized so that the tip of the catheter lay within the renal 
pelvis; the length of the catheter was kept to a minimxnn so that the dead space of 
the collecting system was kept to a negligible volume. With the exception of several 
of the earlier experiments, the right kidney served as a control. Its urine was col- 
lected by means of an indwelling bladder catheter. 

Received for publication June 15, 1949. 
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Arterial pressure decrement to the left kidney was produced by a tourniquet 
around the dorsal aorta just between the right and left renal arteries, made possible 
by the higher origin of the right renal artery. Gradual occlusion of the aorta by the 
tourniquet thus decreased arterial inflow pressure to the left kidney but kept the 
blood supply to the right kidney reasonably constant. Carotid mean blood pressure 
was taken as the index of arterial pressure to the right (control) kidney, and the 
femoral mean blood pressure was taken as the index of arterial pressure to the left 
(experimental) kidney. The validity of the latter procedure was tested in 3 dogs by 
introduction of a long cannula into the abdominal aorta via the femoral artery, 
ligated in position just behind the axis of the left renal artery. The results of these 
experiments were in accord with those in which renal arterial inflow pressure was 
measured via the femoral artery. 

The plan of each experiment was to follow a pair of control periods with four 
stages of graded arterial pressure decrement, with two consecutive urine collection 
periods at each level, followed by return of arterial pressure to control levels with 
two final recovery urine periods. Adequate discard periods were observed between 
each level of arterial pressure, with longer periods during stages of low urine flow. 
To insure adequate urine volumes, all animals were hydrated with 200 to 300 cc. 
of 0.9 per cent saline prior to the initial urine period, and a moderate amount of 
mannitol was included in the infusion fluid containing creatinine and PAH so that 
about 12 mg/min/kg. of body weight were given following a 5-gm. prirhing dose. 
Constant infusion was obtained by use of a mercury pump. Control urine flow 
averaged 2.0 cc/min. for the left kidney. Bloods were taken before and after each pair 
of urine periods, and interpolated values corrected for emptying time were used for 
calculation of the clearances. 

The method of Smith et ah (5) was used for PAH analysis. Plasma PAH determi- 
nations were done on CdS04 filtrates. Creatinine was measured by the alkaline 
picrate method (6) . Sodium timgstate filtrates were used for plasma creatinine determi- 
nations. All analyses were made in duplicate. Sodivnn was analyzed with a Perkin- 
Elmer model 18-A flame photometer^ on diluted urines and plasmas; in some cases, 
trichloroacetic acid filtrates were used for plasma sodimn analysis. No difference 
from direct plasma analysis was noted. Wflien sodium clearances were calculated, a 
plasma sodium correction for the Doiman effect was made by the factor: KP/W, in 
which Kno = 0.925, and W (percentage of water in the plasma) was taken as 0.94. 

EESTJLTS 

Rffect of Graded Arterial Pressure Decrement on Clearance of PAH and Creatinine. 
Ten animals are included in this series. In three earlier experiments control clearances 
on the right kidney were not made simultaneously with the experimental changes 
produced in the left kidney by decreased arterial pressure, hence systemic factors 
which might alter clearances could not be detected. Although these three experiments 
are m approximate agreement with those done later, the emphasis of this section will 

®We are indebted to Dr. Viola Startzman, Dept, of Pediatrics, for use of the Perkin-Elmer 
flame photometer. 
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be placed on seven experiments in which both right and left kidney clearances were 
followed simultaneously. 


A representative experiment is iUustrated in figure i. This experiment is par- 
icularly mstructive because systemic factors which might influence renal blood 
flow appear to be absent during the 3-hour duration of the experiment, as evidenced 
by the constancy of the control clearances. Thus it can be concluded that alterations 
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Fig. I. Effect of graded arterial pressdre decrement on renal clearance of PAH and 
creatinine, and on filtration fraction. Upper; experimental (left) kidney. Lower: control (right) 
kidney. Dashed lines in all cases designate the control data averages. 


noted in the experimental kidney clearances must be specifically due to intrarenal 
changes resulting from the influence of decreased arterial pressure. The control 
clearances of PAH and creatinine, together with the filtration fraction, appear in the 
lower part of the figure in relation to the control arterial pressure. 

In the upper part of figure i it is seen that as arterial pressure is progressively 
decreased from a mean of 162 mm. Hg through stages averaging 127 mm. and 104 
mm. respectively, there are no significant changes in PAH and creatinine clearance, 
and the filtration fraction remains constant. At the level of 73 mm. Hg, however, 
clearances begin to decrease noticeably, and are significantly lower at a level averaging 
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50 mm. Hg. During the latter stages, the clearance of creatinine falls somewhat more 
rapidly than that of PAH, with the result that the filtration fraction decreases, a 
finding typical of all experiments. A\fith release of the tourniquet, clearances recover 
to 78 per cent of the control kidney values. (In all experiments, average recovery for 
PAH clearance was to 89 per cent of the control kidney, and to Si per cent of control 
for creatinine clearance.) 

Systemic factors were frequently found to be operative which tended to decrease 
clearances somewhat during long experiments. In order to correct for tliis trend the 
experimental (left) kidney clearances are presented as a ratio to the control (right) 
kidney in figure 2 for all experiments. Each S)Tnbol in the figure represents the aver- 
age of two consecutive urine collection periods. It is evident that the PAH clearance 
is well maintained as pressure is decreased to about 100 mm. Hg, then decreases 
rapidly with further decreases in pressure. Creatinine clearance is maintained to 
about 120 mm. Hg, then decreases somewhat more rapidly than the PAH clearance, 
resulting in decrease in the filtration fraction. At about 60 mm, Hg, all clearances 
rapidly approach zero. 



eo 100 MO ICO eo too mo i«o 


MMHG MM HO 

Fig. 2. Erixcr of decreased arterial pressure on PAH and aeatinme clearance expressed 
as a ratio to the control kidney. Each point is the average of 2 consecutive urine periods. Data are 
from 7 experiments. 

Changes in Regional Renal Vascular Resistance Resulting From Graded Arterial 
Pressure Decrease. Changes in afferent arteriolar resistance (RJ, efferent arteriolar 
resistance (R^), post-arteriolar resistance (Ry), and total renal resistance were 
analyzed by means of Lamport’s equations (7).® The same experiment graphically 
presented in figure i is used to exemplify the trend of resistance changes in figure 3. 
In the upper half of the figure PAH and creatinine clearance are given in cc/min/gm. 

3 Calculation of regional renal vascular resistance in mm, Hg/cc/min. was made according to 
the following original equations of Lamport (7), with minor modifications cited below: 

Ra = (Pu - Pi - 23 He - 2 o)/HD; Re = (i - 0.47F) (Pj - Po ~ 23 He +io)/HD; 
Rv = (Po ~ Pv + 20) /HD. Total Renal Resistance = Ra + Re + Rv. 

Pm == mean arterial blood pressure; Po = osmotic pressure of plasma protein, with protein 
concentration of plasma taken as 6 gm/ 100 cc.; Pi — osmotic pressure of plasma protein after 
glomerular filtration; Pv = renal vein pressure; He = hematocrit; HD = effective blood flow; 
F = filtration fraction. 

The minor modifications employed in our calculations were to circumvent the spurious negative 
resistance values observed by Lamport (7) at substantially decreased arterial pressures. One modi- 
fication substituted a yield pressure of 14 mm. Hg (r) for the value of 20 mm. Hg employed by 
Lamport, with an adjustment for nonlinearity for values below 80 mm. Hg arterial pressure, A sec- 
ond minor modification was to make intracapsular pressure proportional to glomerular filtration 
rate, instead of utilizing a constant value of 10 mm. Hg. 
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of kidney as related to arterial pressure. Here each point is the average of two con- 
secutive clearance periods, and the trend of results is indicated by curves of best 


Fig. 3. Changes in hegional eenai. 
VASCULAR resistance resulting from graded 
decrease in arterial pressure. Upper: changes 
in PAH and creatinine dearance in 
cc/min/gram for the same ejcperiment shonm 
in fig. , I. Each point is the average of 2 
consecutive urine periods. Lou'er: Rtotai is 
.total . renal vascular resistance in mm. 
Hg/cc/min. Ra, afiFerent arteriolar resistance; 
Rv, postarteriolar resistance; Re, efferent 
arteriolar resistance. 








Fig. 4. Resistance changes for experiments shown in figure 2. Each point is the average of 2 
consecutive urine periods. (Because of inconsistencies resulting from the small clearance values, 
calculations for the lowest pressure range are not induded.) 

fit for the experimental points. The maintenance of clearance during early stages of 
nressure decrement is obvious. 

In the lower half of the figure appear the trends of resistance changes in the 
kidney. Total renal vascular resistance shows a gradual decrease through the range 
162 to 104 mm. Hg, then remains constant to 73 mm. Hg. The decrease in total 
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resistance appears to be entirely attributable to decrease in afferent arteriolar re- 
sistance (Ra). Re and Ry show no significant changes, although Ry may increase a 
bit at lower pressures. (The data for the lowest clearance figures are omitted in the 
resistance calculations because small absolute errors in the clearance data give large 
percentile errors in calculation.) 

The conclusion that the constancy of plasma flow and gomerular filtration rate 
in the earlier stages of arterial pressure decrement is due to decrease in afferent 


Table x. Representative experiuent showing efeecx of decrease in glomerular 

FILTRATION ON RENAL CLEARANCE OF SODIUM 

{All data for one kidney only: weight 43 gm. Female dog, 13 kgm. body weight.) 


PERIOD 

XIADP 

1 

ntT. 

RATE 

1 

soDitm 

Plasma 

cone.* 



Urine vol. 

j Excreted 

Reabsorbed 

UV 7 P 


mm. Bg 

cc/mtn. 

mlt/l. 

tnltfmin. 

milll. 

cc/rr.in. 

mJr/miB. 

mii/min. 

afmin. 

I 

141 

39-4 

134 

5-27 

45-2 

2.25 

0.102 

S-I 7 

0.76 

2 

146 

45-3 

136 

6.13 

64.0 

2.00 

O.12S 

6.00 

0.94 

Av. 




5-70 



0,11$ 

5.58 

0.8$ 

3 

IZ4 

35-9 I 

140 

5 . 03 

113-0 

1. 10 

0.124 

4.93 

0.89 

4 

121 

32.2 i 

142 

4.62 

77-4 

0.95 

0.074 

4-54 

0.52 

Av. 


i 


4-83 



0.100 

4-73 

0.70 

5 

99 

23-3 

13S 

3-23 

20.9 

0.50 

0,010 

3-22 

0.07SS 

6 

98 

33-3 

133 

4.58 

19.6 

o.Ss 

0.017 

4-56 

0.124 

Av. 




3-90 



0.014 

3-89 

0.100 

7 

81 

30 - S 

133 

4-05 

3-04 

0.80 

0.002 

4.05 

0.017 

8 

74 

21.8 

136 

2,96 

4-34 

0.60 

0.003 

2.96 

o.orS 

Av. 




3-50 



0.002$ 

3-50 

o.ory 

9 

66 

8.3 

14 1 

1. 17 

0.00 

0.30 

0.000 

1. 17 

0.000 

10 

55 

4.0 

142 

0.38 

0.00 

0.20 

0.000 

0.58 

0.000 

Av. 



! 

I 

0.88 



0.000 

0.88 

0.000 

II 

14s 

33-0 

142 

4.70 

23.0 

1.30 

0.030 

4.67 

0.20 

12 

138 

35-7 

s 142 

S.07 

39.5 

1.40 

0.057 

5. 01 

0.40 

Av. 




4.89 



0.043 

4.8$ 

0.30 


* Plasma Na is corrected for the Donnan effect by the factor KP/\V, in which Rns = o-92Si 
and W (% of water in plasma) is taken as 0.94. 


arteriolar resistance is confirmed in the combined data shown in figure 4. Note here 
again the general dowmward trend of R^ and the relative constancy of Re and Ry 
Effect of Reduced- Glomerular Filtration Rale on Renal Clearance of Sodium. 
In 5 animals gradual reduction in glomerular filtration rate by aortic occlusion tvas 
employed to study the effects of reduced sodium load to the renal tubules. Table i 
illustrates a typical experiment. During the control periods the average sodium 
load is 5.7 mii/min/kidney. Urinary e.xcretion averages 0.115 mir/min. and the 
plasma clearance of sodium averages 0.S5 cc/min. With reduction of load to 4 -S 3 
mii/min. urinary excretion decreases to o.io mM/min. and clearance to 0.70 cc/min. 
During the next stage in reduction of glomerular filtration rate, load is diminished 
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to 3 * 9 ® mM/min., urinary excretion is markedly reduced to 0.014 mM/min, and 
clearance decreases to o.io cc/min. as tubular reabsorption of filtered sodium becomes 
almost complete. This trend is continued in the remaining stages of reduced filtration 
rate. With restoration of arterial blood pressure and a return of filtration rate 
toward control values, urinary sodium excretion returns to 0.057 nui/min. and 
clearance 0.40 cc/min. durmg the last period when load is 5.07 mM/min. 

The relationship of glomerular filtration rate to sodium excretion for all experi- 
ments is sumarized in figure 5. This shows that sodium excretion diminishes as 
glomerular filtration rate is decreased from the control average of 40 cc/min/kidney, 
and that in a range 20 to 30 cc/min. urinary excretion is almost entirely abolished 
as tubular reabsorption of sodium becomes almost complete at reduced loads. 



SODIUM EXCRETION: MGM/MIN. 

Fig. 5. Relationship of sodium excretion to glomerular filtration rate (s experiments). 
Open circles: values obtained after return of arterial pressxure to normal after experimental changes. 
It is observed that these data are in the range of normal. Data are for one kidney only. 

The relationship of sodium load to urinary excretion and tubular reabsorption 
is stimmarized for all experiments in table 2. Here it is revealed that the most pro- . 
nounced decrease in excretion occurs at the second level of reduced glomerular 
filtration rate (average, 32 cc/min.), where average excretion is only 0.0173 mM/min. 
at a load of 4.3 mM/min. At this stage, reabsorption of filtered sodium is 99.5 per 
cent complete, as compared with 97.3 per cent during the control periods. 

DISCUSSION 

Tn connection with the previous work (i) employing direct blood flow measure- 
ment in analysis of pressure-flow relationship of the kidney, speculation was raised 
concerning the possibility that changes in blood viscosity resulting from changes 
in glomerular filtration might be the basis for the apparent renal autonomy of flow. 
The hypothesis put forward suggested that as arterial pressure was increased, in- 
creased filtration of fluid from the plasma at the glomeruli would increase protein 
and cell concentration of the blood passing through the glomeruli, increasing its 




37 ^ 


E. SELKURT, P. W. HALL AND M. P. SPENCER 


Volume rsQ 


viscosity and thus buffering effects of increased pressure. With reduction in arterial 
pressure, the reverse effect might be expected to occur. This hypothesis necessarily 
assumed a linear relationship of glomerular filtration rate to arterial pressure, in- 
creases in filtration rate paralleling increase in arterial pressure, and vice versa. 

The present investigation has revealed that the above hypothesis is not tenable. 
Apparently, autonomous renal arteriolar changes are basic to an adjustment of 
glomerular filtration rate whereby this is kept constant as arterial pressure is 
decreased, thus precluding changes in blood viscosity. Analysis of the clearance data 


Table 2. Susimary of relationship of sodium load to urinary excretion and 

TUBULAR absorption 



! 

! 

3LtABP 
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Reab- 
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148 

40 
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0.160 
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(32-52) 
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X 
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37 
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(4.47-6.60) 

0.074 
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(4.34-6.57) 
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96 
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4-30 
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0.0173 
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4.27 

(3.2-5. 5) 

99. s 

3 

74 

(68-82) 

21 

(11-30) 

2.94 

(2.S-4.0) 

0.009 
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2.93 

(2,S-4.o) 

99.7 

4 

58 

(44-68) 

5 

(i-S) 

0.61 

(0.14-0.8) 

0.0013 
(0.0-0, i) 

0.61 

(0.3-1.18) 

99-7 


i 136 

[ (119-156) 

30 I 
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Recovery 

i 4.10 

[ ( 3 - 0 - 5 - 0 ) 

0.026 

(.008-. 057) 

4.07 

(3 .0-5.0) 

99.3 


Data taken from s animals, for one kidney only. Kidney wt., range 41-43 gm. Each level 
represents the average of 10 urine collection periods. Figures in parentheses are the range of 
variations. 


by the method of Lamport reveals that this maintenance of glomerular filtration rate 
(and effective plasma flow) is by afferent arteriolar dilatation. It is interesting to 
note that Forster’s data on the rabbit (2) suggest that the constancy of renal blood 
flow in the face of increased arterial pressure is by afferent arteriolar constriction. 
These findings together identify the role of the afferent arterioles as a buffering mecha- 
nism which counteracts the effects of changes in systemic arterial blood pressure. 
Beyond the conclusion that this regulation is definitely intrarenal, no further in- 
formation can be supplied at present as to the exact nature of this buffering mecha- 
nism. 
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The findings in connection with the alterations in the renal clearance mechanism 
of sodium during graded arterial pressure decrement throw some light on the problem 
of sodium retention in congestive heart failure. In this condition, due to reduction 
in cardiac output, glomerular filtration rate and effective plasma flow are decreased, 
the latter more so than the former (3, 4). Decreased filtration rate is associated with 
decrease in urinary excretion of sodium. 

Our findings lead to the conclusion that as glomerular filtration rate is decreased, 
the load of sodiuni to the tubular cells is decreased, with the result that tubular 
reabsorption becomes more complete at lower filtration rates. In fact, the present 
data suggest that an actual ‘threshold’ for sodium exists, below which sodium re- 
absorption is complete.^ The normal kidney offers a load which is above this ‘thresh- 
old’ with the result that small amounts of sodium are normally excreted in the urine. 
This threshold has been computed for the present series and tentatively set at a 
value of 3.9 mu. of sodium per minute per kidney (average weight 42 gm.). The load 
at which sodium excretion begins is delivered to the tubules at a filtration rate of 
about 25 cc/min., 63 per cent of the control average. This is in no wise to be inter- 
preted as meaning that a ‘Tm’ (tubular maximum) for sodium exists here, for in the 
range- of the present data tubular reabsorption continues to increase as load is in- 
creased, even though accompanied by increased urinary excretion. Higher sodium 
loads to the tubular cells would be required than attained in the present series to 
establish the presence of a Tm such as exists, for example, for glucose. 

The implication of these findings to the renal mechanism in congestive heart 
failure is apparent, notwithstanding. Because of reduction of glomerular filtration 
rate in congestive failure, a smaller load than normal is offered to the tubular cells 
whose reabsorptive capacity does not appear to be altered. This load is less than the 
‘threshold’ for sodium, and as a result all filtered sodium is reabsorbed and hence 
retained in the blood by the kidneys. Sodium retention supplies the osmotically 
active substance needed for the fluid retention which leads to edema formation. 

It is interesting to note that when glomerular filtration rate is improved in 
patients by the use of xanthine diuretics (4) that sodium excretion increases notice- 
ably. This may be assumed to mean that the increase in sodium load resulting from 
increased filtration exceeds a threshold such as exists in dogs. Likewise, when glo- 
merular filtration rate in patients normally edema-free is reduced by exercise below a 
critical level of 70 cc/min., sodium retention and edema formation begin (8), also 
supporting the concept that a threshold exists below which sodium reabsorption is 
complete. 

SUMMARY A^FD CONCLUSIONS 

When arterial infusion pressure to the kidney is gradually reduced by gradual 
aortic occlusion, clearances of p-aminohippurate and creatinine are well maintained 

* ‘ThreshoW has been defined elsewhere as a critical plasma concentration below which tubular 
reabsorption of certain filtered constituents is complete, and above which urinary excretion begiM. 
Since plasma sodium concentration remains essentially constant in these experiments, but filtration 
rate is varied, we employ the term ‘threshold’ to designate a critical load (plasma concentration X 
filtration rate) below which sodium reabsorption is complete and above which urinary excretion 
begins. 
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near control values through a range of about 150 mm. Hg to 100 mm. Hg. Subse> 
quently, clearances decrease as glomerular filtration rate and urine flow cease at 
about 60 mm . Hg. During this latter phase, creatmine clearances fall more rapidly 
than the PAH clearances, so that the filtration fraction decreases. 

Calculation of renal resistance changes by the method of Lamport indicates that 
maintenance of renal clearances is due to afferent arteriolar dilatation; efferent ar- 
teriolar resistance and post-arteriolar resistance remain essentially constant. This 
emphasizes the role of the afferent arterioles as a buffering mechanism to maintain 
blood flow and glomerular filtration in opposition to systemic arterial blood pressure 
changes. 

Renal excretion of sodium decreases as glomerular filtration rate is decreased by 
aortic occlusion. This is because as filtration is reduced, the sodium load to the tubular 
reabsorptive mechanism is decreased with the result that tubular reabsorption 
becomes more complete. The data suggest that a ‘threshold’ for sodium reabsorption 
exists at a load of about 3.9 mM/min/kidney below which reabsorption is complete. 
The normal kidney offers a load somewhat above this threshold so that small amounts 
of sodium are normally excreted. The significance of these findings as they bear 
on the problem of renal sodium retention in congestive heart failure is discussed. 
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VALIDITY OF PULSE CONTOUR METHOD FOR CALCULATING 
CARDIAC OUTPUT OF THE DOG, WITH NOTES ON 
EFFECT OF VARIOUS ANESTHETICS^ = 

J. W. REMINGTON, W. F. HAMILTON, N. C. WHEELER and W. F. HAMILTON, Je. 
From the Department of Physiology, University of Georgia School of Medicine 

AtTGDSTA, GEOEGIA 

T hree years ago (i) we presented a procedure by which the stroke index 
of the dog could be estimated from the contour of the aortic pressure pulse. 
Since, in the dead dog, the contracted and the relaxed aorta showed very 
similar increments in volume with a given increment in pressure, it was assumed that 
these volume increments would not be changed in significant degree in the living dog 
under various physiological conditions. The application of this assumption to the 
calculation of the stroke index from aortic pressure change proved successful. 

To perform this calculation, the arterial bed was divided into four parts, the 
transmission time to each part being estimated from average pulse wave velocity 
figures. These respective times were then applied to an aortic pressure pulse to 
indicate the corresponding pressure increase above diastolic in each part at the end of 
ejection. The volume uptake of each part was obtained by referring the respective 
pressure increments to the table of volume change per unit pressure rise for each part, 
which table was derived from measurements made on dead dogs. To the summated 
uptakes was added an estimated systolic drainage volume. The stroke indexes, which 
were the sum of the blood taken up by the distended arteries and the blood drained 
out through the arterioles during systole, showed surprisingly good agreement with 
those given by the dye injection technique in 45 cases. 

This agreement would imply that even though tone changes might occur in the 
arterial bed, they did not alter to a significant extent the net volume uptake per unit 
pressure rise. While, in these 45 cases, we had employed various means to change 
the stroke index considerably, the experiments were not specifically designed to 
emphasize conditions where tone change might be assumed to be great. The series 
has therefore been expanded with that goal in view, and also to test the applicability 
of the method at high and low blood pressure levels, which had not been adequately 
determined. 


METHODS 

A total of 187 comparisons, using 66 dogs, have been made between stroke in- 
dexes estimated from the pressure pulse contours, and those given by more direct 


Received for publication July 20, 1949- 

1 This investigation was aided by a grant from the Life Insurance Medical Research Fund. 

^ We are indebted to Kay Alien, M. H. Caddell and G. H. Boyd, Jr., for their technical assistance 
on this problem. 
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measures. In 61 cases, the dye injection technique^ (2) was used. In the other 126 
cases, the direct Fide procedure, using o.xygen, was employed. Oxj’-gen uptake was 
recorded from a Sanborn spring-balance spirometer, connected to an intratracheal 
cannula. Venous blood was collected through a catheter whose tip lay either in the 
outflow tract of the right ventricle or in the pulmonary arteij”, as determined by 
fluoroscopy. In all determinations, a continuous recording of aortic pressure was made, 
by a sound passed down the left carotid arterj’’ into the ascending aorta, connected to 
an optical manometer. 

All dogs were anesthetized during the procedure, the usual routine being the 
use of 10 mg/kg. morphine and 15 mg/kg. sodium pentobarbital (I.V.). In some 
cases morphine only was used, and in others ether, or urethane, was employed. In 
the first 45 cases, already published, various drugs and hemorrhage were used to 
vary the stroke index. Three general experimental procedures were used for the rest 
of the comparisons, z) Dogs were subjected to serial hemorrhages, comparisons being 
made before hemorrhage and at selected times during the course of the bleeding. 
In this category are 23 control, and 75 post-hemorrhage determinations. In 36 of the 
75 cases, the animals had received 5 mg/kg. Dibenamine^ 30 minutes before the 
start of the hemorrhage. 2) Twenty-nine comparisons were made on dogs after both 
carotid sinuses had been resected, and both vagi sectioned. Sixteen of these were 
made during the period of acute hypertension, and 13, when tlie pressure was being 
reduced from high levels by hemorrhage. 3) Fifteen comparisons were made during 
the course of a constant infusion of 80 jug/min. of epinephrine. 

Experience with the method of calculating the stroke index from the pressure 
pulse, as first advanced, has revealed that it is needlessly elaborate. Uptake of the 
four arterial beds can be obtained easily and rapidly, while the calculation of the 
time-pressure areas for the estimation of systolic drainage is cumbersome. In this 
calculation, outflow is assumed to be proportional to arterial pressure less 20 mm. 
Hg, and the drainage accomplished after the end of the ejection period taken to be 
equal to the previous arterial uptake. 

Since time is required for the pulse wave to reach the terminal arterioles (Tio), 
the net effective systole (Ts') for the whole of the arterial tree is represented by the 
first portion of the aortic pulse only, and has a duration of Ts — Tio, where Ts is the 
total length of systole of the aortic pulse. The effective time of diastole (Td') would 
then be Td 4 - Tw, where Td is the length of diastole of the central pulse. Systolic 

drainage can then be calculated from — ~ X U 

I d {Pd — 20) 

where Ps' and Pd' are the mean pressure values during effective systole and diastole, 
and U is the arterial uptake. 

As first described, the time-pressure areas of the numerator and denominator 
were obtained by dividing the pulse into a series of segments in which pressure 
change could be regarded as following a straight line. The area of each segment was 
then calculated on the basis of its being a trapezoid, and the several areas summated. 

® The Beckman Spectrophotometer used in this study was obtained through a grant from the 
Dmsion of Grants, National Institute of Health, U. S. Public Health Service, to Dr. V. P. Syden- 
stricker. 

< The Dibenamine was generously supplied by Smith, Klein and French Laboratories. 
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Systolic drainage averages about 16 per cent of the stroke volume. An error of 
10 per cent in the estimation of drainage represents but a negligible error in stroke 
volume. A painstaking calculation of the areas of numerous segments is, therefore, 
seldom justified. We have modified our procedure to obtain the values of Ps' and 
Pd' as simply as possible, the calculation of time-pressure areas being done only as 
a terminal step. 

In the calculation of the pulse of figure i, for example, the first step is the re- 
cording of Pd, Ps, Ts and Tc, i.e. 106 mm. Hg, 128 mm. Hg, no msec, and 480 msec, 
respectively. The Tw value for a diastolic pressure of 106 mm. Hg being $8 msec., 
Ts—Tw is 52 msec., which is rounded to 50 msec. The first 50 msec, of the pulse 
curve is then divided into a convenient number of time-intervals, say 5 of 10 msec, 
each. The pressure at the diastolic level and at the end of each of these intervals is 
then recorded, and an average taken. Actually this average is made in terms of 



Fig. I 


measuring plate scale units, with a conversion of only the average to pressure units. 

, , ,,, 106 -k 116 -}- 126 -k 127 "k 128 127 

For the above pulse, Ps would be — — ^ 122 mm. 

Hg. A straight line is then projected by eye from the end of diastole to the start of 
Td -k Tw, such that the pressure values above and below th*e line are about evenly 
matched. The average pressure for this interval is then obtained from the values at 

each end of this line, i.e. = 115 mm. Hg. = Pd'. These values can now be 

2 

fitted into the formula: — X U to give the systolic drainage. 

430 (115 — 20} 


RESULTS 

Comparison of Contour with Dye Injection^ Pick Stroke Indexes. The deviation 
of the calculated stroke index from the dye injection or Pick value is expressed in 
terms of percentage of the letter. In table lA are shown these percentages as grouped 
in ascending order of the mean pressure level. In table iF, the grouping is in ascend- 
ing order of the stroke index. In neither case is there any consistent trend away from 
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the reference value. No experimental procedure employed has consistently worsened 
the fit. We believe, therefore, that the contour calculation will afford a reasonably 
accurate measure of the stroke index between mean pressure values of 23 and 200 
mm. Hg, and that the errors involved are seldom greater tlian those found when any 
two measures of cardiac output, e.g, the dye injection and Fick procedures, are com- 
pared on the same individual (3). Admittedly, neither the dye injection nor the Fick 
procedure can test whether stroke indexes calculated from beat to beat are accurate. 
Both are relatively long-term procedures, the dye injection being more rapid than 


Table i. Comparison of stroke indexes obtained bv dye injection or fick procedures 
WITH those calculated FROM PRESSURE ITJLSE CONTOURS 
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the Fick. Pulse contours often change during the course of the measurement. While 
an average of many calculated stroke indexes over the course of the measurement 
checks with that given by the reference procedure, a single pulse taken at random from 
the record may be considerably in error. 

The calculation has been used by two other laboratories. Huggins, Handley and 
La Farge (4), in a small series of cases, found agreement with the direct Fick as good 
as those given here. Duomarco el al. ($), using a metered flow into the heart in open- 
chest dogs, found large discrepancies. We have no evidence to indicate why the tech- 
nique failed so badly in their hands. 

Normal Cardiac Index Values for the Dog, Even when the same procedure of 
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flow measurement is employed, cardiac index values given for dogs by different in- 
vestigators have varied quite widely. Wiggers (6) has presented a summary table 
showing average values ranging from 2.63 to 6.41 1 . What seems not to have been 
appreciated is that the anesthetic employed can explain much of this difference. In 
the table cited, animals under barbiturate anesthesia show low cardiac index values, 
those under morphine sedation intermediate values, and those imder ether high 
values. Unanesthetized dogs, as perhaps might be anticipated, show values ranging 
from the highest to the lowest. In table 2 are shown a series of average values ob- 
tained on recently anesthetized dogs, before any extensive experimental procedure 
had been employed. No claim is made as to comparability of anesthesia levels. Ether 
was used when entrance into the abdominal or thoracic cavity was desired, and the 
anesthesia was heavy enough for good muscle relaxation. We do not believe that the 


Table 2. Eitect of anesthetics tjfon some caediovascular factors in the dog 
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* Calculated as mean pressure — 20 mm, Hg/flow/sec./sq. is. * Standard deviation. 


differences between anesthetic regimes can be attributed to different depths of anes- 
thesia, however. Increasing the dose of barbiturate, or deepening the ether anesthesia 
makes even larger the differences in flow, resistance and pressure under the two 
agents. 

The values given in table 2 can be grouped into three general categories. The 
largest cardiac indexes, and lowest resistance values, are seen with ether anesthesia. 
In general, the deeper the anesthesia, the larger the cardiac index. In the first stages, 
the increased flow might be attributed to the cardioacceleration which is present in 
the excitement phase. Later, the heart becomes slow and the pulse pressure becomes 
very large. The steadily falling resistance denotes a direct dilator action of the anes- 
thetic. 

Intermediary flow and resistance values are seen with morphine sedation, or 
morphine coupled with urethane or a small dose of sodium pentobarbital. While the 
averages are not significantly different, there is a tendency for the dogs under mor- 
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phine alone to have lower flows. This is probably directly related to the ver}' slow 
heart rates. An acceleration is almost invariably accompanied by an increased cardiac 
index. Atropinization also generally gives an increased flow. 

The larger doses of barbiturates give quite a different picture. The immediate 
response to an intravenous injection is, as is well known, a decline in pressure. This 
decline is accompanied by an increased cardiac index. This reaction is but temporar}* 
and the pressure stabilizes at a level appreciably higher than those found with the 
other anesthetics. When the barbiturate is given intraperitoneall}', the initial hjqDo- 
tensive period may not be seen. The elevated pressure level is the result of an in- 
creased resistance, for cardiac index levels are depressed despite the increased heart 
rate. It is common knowledge, too, that an animal receiving barbiturate in large 
amounts will often show a gradually developing circulaton'" failure. In this decline, 
the resistance remains high, the pulse pressure becoming progressively smaller. The 
cardioacceleration has been ascribed to a blocking, by the barbiturate, of the efferent 
vagus action on the heart (7). The onl)’’ clue we can offer as to the mechanism under- 
lying the increased resistance is that an epinephrine-blocking dose of 15 mg/kg, 
Dibenamine will lower the resistance, and increase markedly the cardiac index. 

SmUL-VRY 

A somewhat modified procedure is given for the calculation of the stroke index 
of the dog from the contour of the aortic pressure pulse. The quantitative validity’’ 
of the method has been tested by 1S7 simultaneous comparisons with the dye in- 
jection or the direct Pick techniques. The average error is ±10.1 per cent, and there 
is no evidence of a systematic error in the contour calculation. Experiments designed 
to produce tone changes in the arterial bed did not produce significant change in the 
accord of the calculated with measured stroke index. It is concluded that the contour 
method is reasonably accurate within a mean pressure range of 25 to 300 mm. Hg. 

The basal cardiac index and resistance values of the dog are dependent in large 
degree upon the anesthesia employed. Ether seemingly acts as an effective vasodilator, 
with a resulting large cardiac index, low resistance and moderately low arterial pres- 
sure values. Barbiturates, in full anesthetic doses, tend to produce elevated arterial 
pressure, low cardiac index and high resistance values. 
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COMPARISON OF CARDIAC OUTPUT BY THE DIRECT 
PICK AND PRESSURE PULSE CONTOUR METHODS 
IN THE OPEN-CHEST DOG 

R. A. HUGGINS, E. L. SMITH and M. A. SINCLAIR 

From the Departments of Pharmacology and Physiology, Baylor University College of Medicine 

and University of Texas School of Dentistry 

HOUSTON, TEXAS 

I N A recent paper (i) the conclusion was drawn from the data presented that 
the pressure pulse method of Hamilton and Remington for calculating cardiac 
output (2) is not sufficiently accurate either quantitatively or directionally for 
use in cardiovascular studies. Their method (i) consisted of measuring the input 
of blood into the right or left ventricle and calculating the output from aortic pressure 
pulses. While admitting the procedure was drastic and the dogs deteriorated the 
viewpoint was expressed that the fundamental requirement of the pressure pulse 
method was not affected, i.e. “it is only necessary that the blood be ejected into an 
arterial system with normal and unchangeable volume elasticity constants.” The 
conclusion following from their work is that perhaps as a result of the procedures to 
which the dogs were subjected the distensibility factors have been altered. If this 
has occurred the basic assumption of Hamilton and Remington’s work has been in- 
validated. An examination of the pressure pulses shown reveals contours that must 
be classed as unusual and suggests that possibly some changes in the normal cardio- 
vascular relationships have been induced by the procedures used. The contours may 
be characterized as showing tremendously large pulse pressures, slow heart rates, 
very long systolic duration (the majority over 200 m.sec,), steep diastolic slopes 
despite the very low pressure ranges studied and the slopes show little if any mflec- 
tion as though the rapid flow rates would continue to very low pressure levels. 
There is also a relatively high calculated peripheral resistance. 

There are at least three possible explanations for such pulses: j) That con- 
trary to the opinion of Hamilton and Remington distensibility can change markedly 
in the arterial tree and that in these dogs the aortae were relatively inelastic. This 
factor could in part explain the straight diastolic pressure descents. 2) In these dogs 
the peripheral bed was wide open. If this is true, flow should slow quite markedly at 
pressure values of 20 to 40 mm. Hg (3) and cease at about 20. These curves show no 
evidence of tliis. With a high peripheral resistance the cessation of flow should occur 
around 50 mm. Hg. 3) The aorta was losing blood through some other channel (aortic 
regurgitation). The meter would not measure such regurgitated blood, whereas 
the contour method would. Regurgitation would increase diastolic and thus systolic 
drainage and the resulting stroke volumes would be high. 

Regarding the last suggestion, in attempts to utilize the pulse contour method in 
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liumans (4), it was found that patients in chronic congestive failure give falsely 
high stroke volumes. This phenomenon could conceivably be due to an abnormally 
inelastic aorta or to regurgitation into a dilated ventricle. 

A further reason for uncertainty about the method used by Duomarco el al. 
and the condition of the dogs affecting the volume elasticity constants of the arterial 
tree lies in the excellent agreement found between simultaneous output comparisons 
using the dye method (2) and the direct Pick (5) in the intact animal. In the original 
paper (2) a fairly extensive series of stroke volume determinations were done with 
an agreement between the two methods of ±8,2 per cent (average difference). The 
series of comparisons with the dye has since been extended and in addition a series of 
comparisons using the Pick method has been done with an agreement of ±10.1 per 
cent (6). Huggins, Handley and La Porge (5) using the Pick principle found agreement 
of the order of ±12.2 per cent (average difference). In a more recent paper (7) dealing 
with the effects of various drugs on cardiac output in dogs bled to a mean pressure of 
50 mm. Hg and held there for 90 minutes, the cardiac output determined from pres- 
sure pulses obtained during the hypotensive period, in ever}’’ case, compared favor- 
ably with published data (8, 9) in which the cardiac output was determined by ac- 
cepted methods. 

Por the above reasons the problem was reinvestigated using a different method. 
In this paper, data are presented comparing cardiac output calculated from pressure 
pulse contours and the direct Pick method in the open-chest dog. 

METHODS 

The dogs were anesthetized with sodium barbital, 300 mg/kg. A Hamilton 
manometer (10) of adequate frequency was used to obtain the pulse contours. The 
cannula leading to the manometer was inserted into the left carotid before the chest 
was opened and records made prior to and immediately after opening the chest. The 
azygous vein was tied and large cannulae, one in the superior and another in the 
inferior venae cavae, were inserted. The cannulae were connected to a rotameter 
through a ‘y’ tube and the blood was returned to the heart through a cannula inserted 
into the right auricle. The rotameter data will be presented in a separate paper. 
Chlorazol Past Pink, 80 mg/kg. was used at the anticoagulant. 

Por the direct Pick, oxygen consumption was measured by connnecting the dog 
to a McKesson Recording Metabolism machine. The O2 circuit consisted of a hose 
leading from the output valve of the metabolism machine and connecting to a ‘y’ 
tube on the other end of which was a balloon sealed in a bottle. The remaining end of 
the 'y’ tube was connected to the tracheal caimula. 0}g’’gen moved from the machine 
through the balloon, through a water valve and into the trachea. A tube connecting 
the other end of the tracheal cannula to the return valve of the metabolism machine 
completed the circuit. Positive and negative pressure was applied to the balloon 
through a 'y’ tube in the sealed bottle by suitable connections with a respirator. 
Oxygen consumption was determined in 5-mmute periods. The O2 circuit was tested 
for leaks after the dog was killed by running the machine for a minimum period of 
5 minutes with the dead dog in the circuit. The blood samples were taken in oiled 
syringes simultaneously from the femoral artery and the rubber tube just above the 
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cam^ that returned blood to the right auricle. This sample did not of course cou- 
tam blood rom the coronary sinus. The syringes were placed on ice as soon as the 
b ood samples were taken. Blood oxygens were determined by the method of Rough- 

ton and Scholander (ii). Simultaneous with the drawing of the blood samples pulse 
contours were recorded. ’ 



100 200 300 400 500 600 700 800 900 1000 


CARDIAC OUTPUT, CC., PULSE CONTOUR 

Fig. I. The solid line represents a perfect correlation. 

The cardiac output determined by the pressure pulse method is expressed in 
m^ of body surface. This was corrected to give a figure for the individual dog to agree 
with the Fick data. 

RESULTS 

A total of 23 simultaneous cardiac output determinations were made on 5 dogs 
and the data are incorporated in figure i. Comparing the direct Fick and the pressure 
pulse data the average difference is ±12.5 per cent with a range from —13.7 to 
+59 per cent and a coefficient of correlation of r = -{-0.985. 'While the average 
difference is ±12.5 per cent, the pressure pulse method on the average gives values 
6.7 per cent higher than the Fick method. This difference can probably be accounted 
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for by the fact that the pressure pulse method includes the coronary flow while the 
direct Pick as adapted to this experiment probably does not. 

DISCUSSION 

The data presented here are obviously not in agreement with that of Duomarco 
el al. (i). They found no correlation between the calculated output and measured in- 
put while our data indicate an excellent correlation between the calculated output by 
the pressure pulse method and the direct Pick. The reasons for the differing results is 
not clear, however, in no instance were pressure pulse contours obser\'ed equivalent 
to the ones published by Duomarco el al. Purther, the agreement reported here be- 
tween the measured and calculated cardiac output indicates that the distensibility 
factors were unaffected by procedures about as drastic as those they used. 

In one instance the pressure pulse value is higher than the direct Pick by + 59 
per cent. If this determination is eliminated from the data the largest deviation is 
a +27.1 per cent. 


SUIUIARY 

The method of Hamilton and Remington for calculating cardiac output from 
pressure pulse contours agrees closely with the simultaneously determined cardiac 
output by the direct Pick method in open-chest dogs. 

REFERENCES 

1. Duomaeco, J. L., W. H. Dillon and C. J. WiGGErs. Am. J. Physiol. 154: 290, 1948. 

2. Hamilton, W. F. and J. W. Remington. Am. /. Physiol. 148: 14, 1947. 

3. Whittaker, S. R. F. and F. R. Winton. J. Physiol. 78: 339, 1933. 

4. Remington, J. W., C. R. Noback, W. F. Hamilton and J. J. Gold. Am. J. Physiol. 153; 298, 
1948. 

5. Huggins, R. A., C. A. Handley and M. La Forge. Proc. Soc. Exper, Biol. & Med. 68: 543, 
194S. 

6. Remington, J. W. Personal communication. 

7. Huggins, R. A., C. A. Handley and M. La Forge. Am. J. Physiol. 157: 332, 1949. 

8. WiGGERS, H. C. AND S. MiDDLETON. Am. J. Physiol. 140: 677, 1944. 

9. WiGGERS, C. J. AND J. M. Werle. Am. J. Physiol. 136: 421, 1942. 

10. Hamilton, W. F., G. Brewer and I. Brotman. Am. J. Physiol. 107: 427, 1934. 

11. Roughton, F. j. W. and P. F. Scholander. J. Biol. Chcm. 14S: 541, 1943. 



COMPARISON OF THE CONSTANT AND INSTANTANEOUS 
INJECTION TECHNIQUES FOR DETERMINING 
CARDIAC OUTPUT 

■ WILLIAM T. RASHKINDi and JOHN H. MORTON^ 

Fmn the Naval Medical Research Institute, National Naval Medical Center 

BETHESDA, JJAEYLAND 

O NE method of measuring cardiac output involves the use of dyes which 
are known to remain within the cardiovascular tree for prolonged inter- 
vals. Measurements are carried out in two ways, either by the injection 
of dye at a steady rate over a regulated interval (i), or by a single, rapid injection 
at the beginning of the determination (2). The constant injection method depends 
upon the establishment of a concentration plateau when the injected substance is 
quantitatively diluted by once-circulated blood. The existence of such a plateau has 
been questioned by Hamilton and Remington (3), and these authors doubt the 
validity of the constant injection technique. The work reported here has been de- 
signed to compare the two methods by doing consecutive determinations on the same 
animal, using the blue dye T-1824. 

MATERIALS AND METHODS 

Thirty experiments were carried out on 10 adult mongrel dogs of both sexes, 
whose weights varied from ii to 27 kg. Paired experiments were done, an instan- 
taneous injection being followed by a constant injection in each case. Animals were 
anesthetized initially with intraperitoneal sodium nembutal in doses of approxi- 
mately 150 mg/kg. and small additional intravenous doses were given as necessary 
throughout the experimental period. The right external jugular vein was exposed 
and through a large tributary a no. 8 French ureteral catheter was introduced into 
the right auricle. A bleeding cannula was inserted into either the right omohyoid or 
the right common carotid artery. 

T-1824 was made into solutions contaiiung either 10 or 15 mg/cc. In the in- 
stantaneous injection experiments the dye was injected into the auricular catheter 
from a S3uinge calibrated to deliver either 4.60 or 2.65 cc. at the distal end of the 
catheter. Injection was carried out as rapidly as possible, always being completed 
in less than two seconds. For constant injections an air pressure device similar to 
that described by Wiggers (4) was used to give a steady rate of flow. The burette 
was attached to the auricular catheter through a capillary tube. In these experi- 
ments amounts varying from 5.7 to 7.5 cc, of dye were injected over the entire period 
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of tlie determination. The rate was constant for each animal, ranging from 0.3 to 
0.4 cc/sec. in separate experiments. 

Using a rotating kymograph sampling technique (3), blood samples were col- 
lected at measured inter\^als which were constant in each run and which varied 
from 0.56 to 0.59 seconds in separate runs. For a cardiac output measurement, 30 
such samples of approximately i cc, each were collected in tubes, each con- 
taining o.i mg. of sodium heparin in 0,01 cc. of 0,9 per cent sodium chloride solu- 
tion. These tubes were centrifuged at 2500 rpm for approximately 15 minutes and 
a 0.1 cc. aliquot of plasma withdrawn from each. Each aliquot was diluted with 
5.0 cc. of 0.9 per cent sodium chloride solution, and its dye concentration deter- 
mined by measuring its optical density. Measurements were carried out in a Cole- 


TaBLE I. COMPAEISON OF CONSECUTIVE DETERMINATIONS OF CARDIAC OUTFUT BY CONSTANT AND 

INSTANTANEOUS INJECTION TECHNIQUES 
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1 

2.25 

2.40 

-f 7 

9 

I 7 -S 

3-10 

2.65 

-15 



2.05 

2.25 

+ 10 

10 

iS 

2.25 

1.90 

-16 



2.05 

1-95 

-5 


^ Measured as percentage variation of constant from instantaneous injection. 


man Junior spectrophotometer set at 620 X, and the samples were compared with 
standard solutions of dye. These standard solutions were prepared by adding known 
amounts of dye to tubes containing 5.0 cc. of 0.9 per cent sodium chloride solution 
and 0.1 cc. of the animal’s own plasma (5). 

All animals were autopsied, and in every case the catheter proved to be in the 
right auricle. 

The cardiac outputs were determined according to the formulae employed by 
Hamilton and Remington (3). 

RESULTS .-WD DISCUSSION 

Data on the 30 experiments are shown in table i. 

Figures i and 2 show two representative pairs of curves. Constant and instan- 
taneous injection curves are superimposed to show time relationships. Graphs of all 
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15 constant injection experiments show well defined plateaus similar to those shown 
in these figures. 

It is claimed by Hamilton and Remington (3) that since recirculation occurs so 
rapidly, a true concentration plateau is impossible. It is clear from the work reported 
here that such plateaus occur regularly, regardless of the time when recirculation 



Fig. I. Dog 2 

begins. If the amoimt of recirculated dye raised significantly the level of the plateau, 
early recirculation should result consistently in low output determinations by the 
constant injection method. In this work no such consistently low results have been 
obtained. 

In figure 3 a scatter of the values obtained by the constant injection method 
as compared with instantaneous injection values is plotted. Examination of the 
figure and the data in table i shows no consistent directional variation between the 
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Fig. 3, Percentage variation ofthe 15 pairs of e.vperiments 

two methods. The variation between the two methods was 10 per cent in this experi- 
ment, a figure well within the experimental error of the methods. 
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SUMMARY 

Consecutive measurements of the cardiac output were carried out by the con- 
stant and instantaneous dye injection methods. The results of the two methods agreed 
within i6 per cent in all but one determination. The distribution of the percentage 
variation between the two methods showed a normal, symmetrical scatter. The 
constant injection technique for the determination of cardiac output is as valid as 
the instantaneous injection method. 
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CHANGES PRODUCED IN HEMATOCRIT VALUE, HEMO- 
GLOBIN AND PLASMA VOLUME BY REPEATED 
ARTIFICIAL PNEUMOTHORAX 

^^^LSON C. GRANT 

From the Department of Physiology, College of Physicians and Surgeons, Columbia University 

NEW YORK CITY 

A rtificial pneumothorax has long been employed as a therapeutic agent. 
Detailed information concerning physiological alterations induced by 
pneumotliorax is largely limited to the respiratory exchange and pulmonary 
blood flow. There are a few scattered reports of changes in the formed elements of the 
blood following pneumothorax. Burker, Ederle and Kirclier in 1913 (i) found an 
increase in the red blood cell count and hemoglobin concentration in dog, rabbit and 
man as a result of repeated insufflation. Similar results were obtained in the dog by 
Moog and Felling (2). Both groups attributed the polycythemic response to anoxia. 
In man, 3 workers (3-5) described an increased red blood cell count and hemoglobin 
percentage during repeated penumothorax, while another (6) found no increase. 

The present study represents an attempt to investigate the nature of the re- 
ported polycythemia and possible erythropoietic stimulation. Data collected by early 
workers were confined to measurements of the concentration of formed blood ele- 
ments and often involved general anesthetics. It was hoped that with the use of the 
plasma volume determination and other procedures, more information might be 
obtained. 


METHOD 

Closed pneumothorax was induced in 13 dogs, weighing 7 to 12 kg., by injecting room air meas- 
ured in a 100 cc. syringe and delivered through a 16-gaugc needle inserted in the fourth or fifth inter- 
costal space. During this procedure the unanesthetized animals were loosely restrained in the supine 
position. The needle and syringe were connected with a water manometer. The presence of the un- 
obstructed tip of the needle in the intratlioracic cavity w’as determined by the smooth respiratory 
fluctuation of the negative pressure developed in the manometer. In order to maintain a reproducible 
degree of pneumothorax, the quantity of air delivered at each refill was determined by the elevation 
of intrathoracic pressure. Injections of 100 cc. to 900 cc. every 2 to s days on alternate sides were 
made to produce an immediate average intrathoracic pressure of -f-2o mm. HjO (expiration to —4° 
mm. H2O (inspiration)). In 2 to 5 days, the corresponding pressures were reduced to approximately 
— 20 mm. and —80 mm. These pressures in the normal dog were —50 mm. and —100 mm. The 
duration of a course of repeat insufflations varied from ri to 75 days. 

Blood samples were obtained from the jugular vein and femoral arterj'. Hematocrit percentages 
were determined in duplicate b}^ the Van Allen tube, oxygen capacity by Grant’s method (7), and 
oxygen content bj’’ the Roughton-Scholander technique (8). Plasma volume was measured as de- 
scribed by Gregersen (9) using tlie blue dj'e T-1824. The percentage of plasma protein was calculated 
from the refractive index of plasma determined with Abbe refractometer (10). Reticulocyte percent- 
ages were estimated by the method of Osgood (ii). .An occasional red blood cell count was also made. 
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Blood samples were removed at least 48 hours following an insufflation of air in the great majority 
of cases. This procedure was adopted since the chronic effects were those generally desired. 

Pneumothorax was preceded by a control period during which the animals were trained to lie 
quietly on the board. Blood samples were analyzed every few days for at least three weeks or until 
the values had stabilized. 


RESULTS 

Coiiditiom of Animals. An increase in respiratory activity was apparent im- 
mediately after insufflation. In 3 animals ventilation was measured quantitatively. 
It was found that minute volume had increased above that of the control period. 
The increase was the result of an accelerated respiratory rate and occurred despite 
a diminished tidal air volume. The percentage oxygen saturation of arterial blood in 
18 to 20 measurements made on 5 dogs was within the range of control values. It 
would appear that the compensatory reactions following the pneumothorax were 
adequate to prevent anoxic anoxia. Arterial blood pressure measured by direct 
needle puncture in 4 dogs showed no significant variation from that of the control 
period. 

All animals were maintained in good condition throughout the entire period. 
Body weight remained rather constant and no untoward effects of the procedure were 
evident. Since the dogs led a somewhat confined life, no instances of dyspnea on 
exertion were encountered. 

Immediate Effect on Blood. Although the primary purpose of this study was to 
determine the influence of long continued artificial pneumothorax on the formed 
elements of the blood, some attention was directed toward any immediate effect. 
A few mearsuements were made in 5 of the animals at hourly intervals after the pri- 
mary insufflation and all results were in substantial agreement. Figure i gives the 
results of a primary insufflation of 650 cc. in a 12-kg. dog. Hematocrit percentage, 
oxygen capacity, red blood cell count and plasma protein percentage were measured 
several times during a 2-hour control period and for 4 hours after pneumothorax. 
Another set of measurements were obtained the next day. As shown in figure i, no 
significant change occurred in any values as a result of insufflation. In addition, an 
intravenous injection of T-1824 was made during the control period. The optical 
density of the dye in plasma yielded the characteristic slow disappearance curv^e. 
It will be noted that no shift occurred following insufflation, indicating a lack of 
marked fluid movement into or out of the vascular bed. 

Chronic Effects on Blood. Eight series of pneumothoraces, lasting 20 to 75 days, 
were performed using 7 normal dogs. Hematocrit percentage, oxygen capacity, as 
well as red blood cell count when occasionally done began to rise 3 to 8 days following 
the institution of pneumothorax. This rise then persisted from 15 to 30 days after 
which, if insufflations were continued, all values remained at the elevated plateau. 
If, on the other hand, insufflations were terminated the blood values returned to 
those of the control period within 6 to 12 days. The average increase in hematocrit 
values ranged from -{-4 to -|- 30 per cent above the control figures with an average 
increase of 19 per cent. An example of the change in hematocrit percentage, oxygen 
capacity and red blood cell count following pneumothorax is shown in figure 2. 

Of the 8 animals in the series in which pneumothorax was produced, 7 demon- 
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strated definite increases in the values of the various physiologic responses bemg 
studied. One animal, mmxhcr 6 , showed only +4 per cent increase in hematocrit 
volume, the next lowest being -fiz per cent. It is interesting to note that this animal 
was the only one in which subcutaneous emphysema was noted following insufflations. 
Air injected into the intrathoracic cavity of this animal soon leaked into the sub- 
cutaneous tissue spaces in large quantities. Intrathoracic pressure rapidly returned to 
normal and the state of pneumothorax was evanescent (table i). 



Fig. I. Acute mTLUENCE of a single in- 
sufilation on hematocrit percentage, Oj ca- 
pacity (vol. per cent), red blood cell count 
(millions/cu. mm.), plasma protein percent- 
age and optical density of T-1824 in plasma. 
No significant changes are evident in the 
concentration of the formed elements and 
the disappearance rate of T-1824 shows no 
marked fluctuations. 


Fig. 2. ErrECT of repeated Am insuf- 
flations on the formed blood elements (fig. 
i). Intervals of 14 days separated the ist 
and 2nd and 2nd and 3rd refills. In these 
relatively long intervals the blood values 
rose slightly on each occasion. Following the 
3rd insufflation, the interval was decreased 
and the values rose steadily to a maximum. 



DAYS 


Erylhropoiesis. The rather slow increase in erythrocyte concentrations following 
a period of insufflation suggested at once an increased erythropoietic activity. To 
this end, reticulocyte counts were made repeatedly on jugular venous blood of all 
dogs. Entirely negative results were found. At no time did tlie range of reticulocyte 
percentages of the pneumothorax period vary from that of the control. 

In order to check this unexpected result, the hemoglobin production during the 
control period was compared with that during insufflations. The method employed 
was a modification (12) of the classical ‘constant level anemia’ of Whipple and 
Robscheit-Robbins (13). Three dogs, one of which was splenectomized, were followed 
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for 4, 4 and 7 months respectively. All animals were bled regularly for 9 weeks in 
order to exhaust reserv'^e red cells and to establish control hemoglobin production 
rates. Pneumothorax was then maintained for 21-day periods separated by a control 
period of similar duration. This process was repeated several times. When compari- 
sons were made of control and pneumothorax periods, two of the dogs showed no 


Table i. Summary of results following pneumothorax 


DOG ■ 

CONDITION 


AVERAGE PERCENTAGE CHANGE FROU CONTROL 

HCT OsCAP PV PP 

I 

Normal 

1 

+14 

+7 

-6 

+i 

2 

Normal 

II 

+24 

+27 

— 20 

+6 

3 

Normal 

14 

+25 

+24 

— 20 

+11 

4 

Normal 

75 

+30 

+43 

-15 

0 

4 

Normal 

36 

4*26 

+ 25 

-28 

+23 

5 

Normal 

21 

+12 

+8 

— 16 

0 

6 

Normal 

12 

+4 


0 

0 

7 

Normal 

50 

+19 

4-22 



S 

Splenectomized 

55 

+10 

4-12 

— 20 

0 

2 

Splenectomized 

12 

+15 

4-16 

-13 

0 

9 

Splenectomized 

17 

+11 


-9 

0 

10 

Splenectomized 

i 

17 

-fro 


-5 

0 


HCT = Hematocrit percentage. O2CAP = Oxygen capacity (vol, per cent). PV = 
Plasma volume. PP = Plasma protein percentage. 


Fig. 3. EFFECTS OF PNEUMOTHORAX On the 
same dog before and after splenectomy are 
shown above. A very definite post-pneu- 
mothorax increase on hematocrit percentage 
and O2 capacity (vol. per cent) occurred 
after splenectomy. Plasma volume (cc.) 
showed an inverse relationship to the other 
values measured. 



DAYS 


significant changes. The third dog, a normal animal, gave evidence of marked hemo- 
concentration during insufflations but no increase in hemoglobin formation. 

Spleen. In a further attempt to explain the increased red cell concentration, 
the possible role of splenic contraction was examined. The customary pneumothorax 
procedure was carried out on 4 dogs 2 to 3 months after splenectomy. Figure 3 pre- 
sents the results obtained from an animal given insufflations both before and after 
splenectomy. Following splenectomy, pneumothorax produced an increase in hema- 
tocrit percentage and oxygen capacity. The increase in the 4 splenectomized animals 
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ranged from +io to 4 -i 5 per cent of control values. TJiis is a slightly smaller increase 
than that shown by the larger control series (table i). The difference between the 
two groups is of questionable significance, because of the relatively smaller number 
of splenectomized dogs and the range of individual variation. 

Plasma V olume and Refractive Index. In order to test the possibility of hemo- 
concentration, plasma volume measurements were made in 9 dogs, both normal and 
splenectomized. The results indicated that with one deception plasma volume de- 
creased in all animals following pneumothorax. The average change from control 
ranged from o to — 28 per cent. The single animal showing no change was tlie same 
one whose hematocrit value increased only +4 per cent over the control figure. The 
period of maximal elevation of the concentration of blood elements after insufflation 
coincided with that of minimal plasma volume. Figures 3 and 4 provide examples of 



Fig. 4. Influence or repeated 
INSUFFLATIONS Oil hematocrit per- 
centage and plasma volume (cc/kg. 
body weight) is shown. The in- 
verse relationship between these 
two values is evident. 


the relationship of plasma volume and hematocrit value and table r gives a summary 
of the data. 

The number of grams of protein per 100 cc. of plasma was calculated from the 
refractive index of plasma during plasma volume determinations. Of the ii series 
of measurements on 9 dogs, 8 showed no change following pneumotliorax. Three, 
how'ever, increased 4-6, -fii, and -}-23 per cent, above control values (table i). 

DISCUSSION 

Any increase in value of the formed elements of the blood follotving pneumothorax 
required from 3 to 8 days to become apparent and 2 to 4 weeks to reach a maximum. 
It is of interest to note an immediate hematocrit elevation has been reported by 
Henry and his group (14, 15) in both cat and man within 30 minutes during breathing 
against a resistance of 20 to 120 mm. Hg. Increase in intrathoracic pressures in the 
present study never exceeded 5 mm. Hg and usually were much less. 

The absence of demonstrable reticulocytosis during the phase of increasing hema- 
tocrit, oxygen capacity and red blood cell values negates erythropoietic stimulation. 



November ip4Q 


PNEUMOTHORAX AND BLOOD ELEMENTS 


399 


In addition, the failure of periods of pneumothorax to cause an increased hemoglobin 
production during ‘constant anemia’ substantiates this conclusion. Earlier workers 
(i, 2) believed the polycythemic response to be the result of an increased blood cell 
production caused by anoxic anoxia. Under the conditions of the present study, 
neither anoxic anoxia nor er^dhropoietic stimulation was found. 

The post-pneumothorax concentration of formed blood elements persisted after 
removal of the spleen. If splenic contraction plays a part during pneumothorax its 
influence is negligible. 

The decrease in plasma volume appears to be the most likely explanation of the 
increased hematocrit value in 9 of 10 animals during the insufflation periods as shown 
in table i and an example is presented in figure 4. Direct determination of the cir- 
culating red blood cell mass would be desirable but was not performed. Calculation 
of total blood volume and red blood cell mass from plasma volume and hematocrit 
percentage was made during the control and pneumothorax periods. The change in 
total blood volume ranged from -f- 1 to — 16 per cent of control values with an average 
of — 10 per cent. Red cell mass values showed a large degree of variation and the 
change from control ranged from —10 to -4-25 per cent with an average of -{-4 per 
cent. 

From the data presented, it would appear that the increased value of the formed 
blood elements following pneumothorax is largely a manifestation of hemoconcentra- 
tion. Fluid of unknown composition is lost from the vascular bed under the stress of 
increased intrathoracic pressure and the changes associated with it. Although some 
variation existed in the percentage of plasma proteins, the fluid lost from the blood 
vessels carried protein with it. The site of departure is not known, but the pulmonary 
capillaries are those subjected to the greatest trauma and therefore likely to permit 
le^age. On the other hand, the increased intrathoracic pressure might tend to 
counteract this process. 

A difference in the compartmentation of the thoracic cavity of man and dog 
exists, yet similar increases in hematocrit values have been reported in both species 
(1-5), Whether all tlie changes occurring in dogs as a result of pneumothorax take 
place in man has not been determined. It is of some interest, however, to speculate 
on the possible role of hemoconcentration during therapeutic pneumothorax. 

SUMMARY 

Artificial, closed pneumothorax was maintained in a total of 13 unanesthetized 
dogs for periods of ii to 75 days by repeated insufflations of room air. Respiratory 
compensation was adequate and anoxic anoxia was not present. In a few days the 
hematocrit, oxygen capacity and red blood cell count values rose above those of the 
control period and reached a maximum in 2 to 4 weeks. At the end of the pneumo- 
thorax period, these values returned to the control level in about a week. 

No evidence of erythropoietic stimulation was obtained since reticulocyte per- 
centage and hemoglobin production remained within the control ranges. In addition, 
the presence of the spleen is not essential to the hematocrit increase. Plasma volumes 
decreased as the hematocrit values increased and this inverse relationship was main- 
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tained throughout the course of the procedure. Plasma protein percentage shewed no 
consistent change. 

It is concluded that the increased values of the formed elements of the blood 
during pneumothorax is a result of hemoconcentration caused by loss of fluid from 
the vascular bed. 
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DEVELOPMENT OF TURBULENCE IN FLOWING BLOOD' 

N. A. COULTER, Jr. and J. R. PAPPENHEIMER 
From the Department of Physiology, Harvard M edical School 


BOSTON, MASSACHUSETTS 

T he conditions which lead to turbulence in flowing blood are of hemodynamic 
interest for several reasons: a) turbulence is generally believed to be an 
important factor in the production of murmurs; b) calculation of the work 
of the heart depends upon the nature of flow in the central arteries (i) ; c) a study of 
the development of turbulence yields information important to the understanding 
of laminar flow in small blood vessels which offer the principal resistance to flow of 
blood in the peripheral circulation. 


Reynolds (2) showed that the transition from laminar to turbulent flow in tubes depends on the 
dimensionless expression Re = 
w’here 

p = density 17 = viscosity 

u = average velocity r = radius of tube 

Re = Reynolds’ number 

The Reynolds’ number represents the ratio of inertial force to viscous force; it is the condition 
for mechanical similarity of flow around geometrically similar objects. The inertial force per unit 

pQ® «Q 

volume is proportional to — , while the viscous force per unit volume is proportional to •^. It is evi- 
dent that as the flow increases, the inertial force increases faster than the viscous force. The transition 
from laminar to turbulent flow occurs when tlie inertial force becomes so great that the viscous force 
is no longer able to damp stray disturbances in the fluid. When no effort is made to minimize these 
disturbances in homogenous fluids, this transition occurs at Reynolds’ numbers of 1000 to 1100 
(critical Reynolds’ number). 


It has generally been assumed that the flow of blood, like that of homogeneous 
fluids, would become turbulent at a Reynolds’ number of about 1000. Since blood 
is a heterogeneous system of variable viscosity, this assumption is not justified 
a priori. 

The only experimental measurements of the tiurbulence point for blood appear 
to be those of Muller (3) who has employed conventional hydrodynamic methods to 
determine the critical Reynolds’ number for ox blood flowing in glass tubes. Muller 
has shown that the relations between pressure and flow are such as to indicate a 
transition from laminar to turbulent flow at Reynolds’ numbers in the range 700- 
1000. Our own experiments were begun without knowledge of Muller’s results and 
were designed to correlate pressure-flow data with a study of cellular orientation 
during the development of turbulence. We planned to demonstrate the turbulence 
point in two ways: a) by conventional hydrodynamic procedures and b) by an electri- 
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cal method based on observations of Velick and Gorin (4). These authors observed 
that the electrical resistance of flowing blood, measured in the direction of flow, was 
less than that of blood at rest. They showed this phenomenon to be a result of orienta- 
tion of the cells with their long axes parallel to the flow stream. The non-conducting 
cells, when oriented, occupy less of the cross-sectional area. They thereby permit 
more current to flow, much as a Venetian blind, when opened, will admit more light. 
We decided to measure electrical resistance in the direction of flow simultaneously 
with pressure and flow, anticipating that electrical resistance would rise when the 
cellular orientation was disturbed by turbulence. 

METHODS 

A diagram of the experimental apparatus is shown in figure i. Two flow tubes 
of dimensions shown in the figure were used; each tube was provided with 2 pressure 
taps, the first tap being placed at a distance of 1 50 radii from the entrance of the 
tube in order to obtain 95 per cent of the parabolic velocity distribution for laminar 
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flow (8), This arrangement eliminated the need for applying kinetic energy correc- 
tions. The average radius of each tube was determined by the mercur}'--weight 
method and by measuring the electrical resistance, between the pressure taps, of 
saline of known specific conductivity (5, 6). 

The pressure drop between taps was measured by 2 oil manometers at low 
pressures and a U-tube mercury manometer at high pressures. The oil manometers 
were provided with inclined scales which could be read to the nearest 0.02 cm. H2O 
over a range of o to 1.8 cm. H2O. Vertical scales were provided for intermediate 
pressures. The mercury manometer was used for higher presssures up to 600 mm. 
Hg: corrections were applied to allow for the weight of saline within the conduits 
leading to each arm of the U-tube (mercury) manometer. Flows were measured with 
graduated cylinders and a stop watch. Temperature of the blood was determined 
from a thermometer inserted near the outflow. Electrical resistance in the axis 
of flow was measured between platinum electrodes (fig. i) inserted into the pressure 
taps. The measurements were made with an A.C. bridge operating at i to 3 kc. 
Reactive components were balanced out capacitatively using an oscilloscope as a 
null indicator. 
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The overall hydrodynamic characteristics of the apparatus were checked by 
measuring the pressure-flow relations of water and computing the viscosity from 
Poiseuille’s Law. The flow of water became turbulent at a Reynolds’ number of 
1080 rfc 40. 

Bovine blood was obtained from the local abattoir, isotonic sodium citrate 
and heparin being used as anti-coagulants. NaCN (about i mii/l.) was added to 
inhibit oxidative metabolism and thus prevent reduction of the hemoglobin. It 
is our impression that the cyanide acted as a preservative and delayed hemolysis. 
Before each measurement the pressure reservoir was shaken to' mix the blood; 
settling of the red cells at zero flow was detectable as a slow progressive increase 
in electrical conductivity. Ordinarily this settling was negligible even at low flows; 
samples taken from the outflow at intervals during each experiment showed no 
significant changes in hematocrit. 


RESULTS 

At low flows the apparent viscosity, calculated from Poiseuille’s Law, was 
foimd to decrease with increasing flow. This anomalous effect is discernible in the 
inset of figure 2 as a convexity of the pressure-flow curve toward the pressure axis; 
it is sho%vn in detail in figure 3 for bloods of different hematocrits. It is clear from 
these results that anomalous flow occurs in large tubes as well as in capillary tubes 
in which the phenomenon was first demonstrated by Hess (7). At intermediate 
and high flows the apparent viscosity approached a constant value (fig. 3). 

Turbulence was indicated hydrodynamically by a pronounced bend in the 
pressure-flow curve as seen in figure 2. A more sensitive index of the transition 
point may be obtained by plotting the dimensionless friction coefficient, 

AP r 

X = -j— Ti'T 3-gainst the apparent Reynolds’ munber on a logarithmic scale as shown 

2pu i 

in figure 4. With this method of analysis all points fall on the same straight line, 
regardless of the nature of the fluid or the dimensions of the tube, so long as laminar 
flow exists. At the turbulence point there is a sharp upward deflection of the curve 
following which all points fall on a second straight line characteristic of turbulent 
flow (8). It is seen that the transition point for blood occurred at an apparent 
Reynolds’ number of approximately 1000 for both tubes in the 2 examples illustrated 
in figure 4. The results of all our experiments with bloods of different temperatures 
and hematocrits are summarized in table i. The critical apparent Reynolds’ number 
averaged 970 db 80. 

The effects of temperatiue on the pressure-flow relations of blood of constant 
hematocrit are illustrated in figure 5. It is seen that the flow at which turbulence 
begins progressively increases with reduction in temperature as woifld be predicted 
from the increased viscosity. This results in a curious paradox: it is seen that in 
certain pressure ranges above turbulence the flow of cold blood is greater at a given 
pressure than that of warm blood. A similar condition exists in bloods of different 
hematocrit; thus, blood of high hematocrit may present less resistance to flow than 
blood of low hematocrit (e.g. in the upper pressure ranges illustrated in figure 2). 
This paradoxical behavior may be of physiological significance m the turbulent 
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flow of blood through stenotic apertures. In this case a high hematocrit might 
actually l)e advantageous in minimizing resistance to blood flow through the stenosed 
region. 

The electrical resistance decreased with increasing flow at low Reynolds’ numbers 
paralleling the changes in apparent viscosity in this range. (Compare figs. 3 and 6). 



PPE55URE OMP H^O 

PRESSURE — FLOW DATA 

SHOWING ANOMALOUS VtSCOSlTY AND D£VCLO?M£NT OF TUPBULtNCE 
(H BOVlNt BLOOD AT 27*C 
rs 0 126 cn. t* 39 2 cn 



ctvtLOPurNT or turbulekce in rLOwi.N'o blood 

ittint hinittcrit Z9% il BSiTC 
*-TobiH9l. r»Ol28c« I • 39 2 cm. 

A - Tub! H* 2. r •0340 cm l*680 cn. 



Fig. 2 {upper left). Pressure-flow data showing anomalous viscosity and development of 
turbulence in bovine blood at 27‘’C.; r = 0.126 cm., 1 = 39.2 cm. 

Fig" 3 (louver left). Variation of blood viscosity witli Reynolds’ number. Bovine blood at 
30 rt 4°C.; r = 0.126., 1 = 39.2 cm. 

Fig. 4 {upper right). Developiient of turbulence in flowing blood. Bovine blood, hematocrit 
29% at 29 ± i“C. 

X — Tube No. i. r = 0.126 cm., 1 = 39.2 cm. 

A — Tube No. 2. r = 0.340 cm., 1 = 68.0 cm. 

Fig. s {lower right). Effect of temperature on pressure-flow relations. Bovine blood, hema- 
tocrit 32%; r = 0.126 cm., 1 = 39.2 cm. 


Presumably these changes in electrical resistance result primarily from orientation 
of the cells in the flow stream. At zero flow the (non-conducting) cells are randomly 
oriented and the electrical resistance is high; as flow progresses, the cells orient to 
present least hydrodynamic resistance and both the apparent viscosity and the 
electrical resistance diminish in regular fashion toward constant values. 

At the turbulence point the electrical resistance did not rise but, contrary to 
expectation, remained constant up to a Reynolds’ number of 2500 which was the 
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highest we could conveniently obtain with our apparatus. This is shown in figure 6 
for bloods of various hematocrits. The contrast in behavior at turbulence between 


Table i. Critical apparent Reynolds’ numbers of bovine blood in glass tubes 


OF DIFFERENT BORE AND AT DIFFERENT TEMPERATURES AND HEMATOCRITS 


TOTE EADIDS r 

HEMATOCRIT 

DXKSITY p 

TEUPESATUEE 

APPARENT VIS* 
COSITY JUST BELOW 
TURBULENCE 

V 

(poises) 

CRITICAL APPAR- 
ENT REYNOLDS’ 
NUMBERS 
pQr 

V 

cm. 

% 

tnticc. 

•c. 



.126 

18 

1-033 

27 

.029 

900-1090 

.126 

21 

T-03S 

24 

•033 

890-1010 

.126 

28 

1.043 

29 

•037 

1000-1090 

.126 

40 

1.048 

34 

.047 

1015-1035 

.126 

44 

1.054 

27 

.051 

960-1070 

.126 

53 

1.054 

28 

.070 

820-990 

. 126 

32 

1.040 

14 

•OS7 

815-945 

. 126 

32 

I- 045 

26 

.036 

850-1050 

.126 

32 

1.048 

37 

.026 

960-1140 

.340 

18 

1.032 

27 

.030 

845-1000 

•340 

29 

1.042 

29 

.040 

785-1110 

.340 

Mean 

45 

1.051 

28 

.047 

880-1080 
970 ± 80 



ELECTRICAL RESISTANCE 
OF FLOWING BLOOD 

Bctint lletd, f*30±4 C 
Tube r«OJ26cn. l»39.2cn. 



HYDRODYNAMIC AND ELECTRICAL RESISTANCE 
OF FLOWING BLOOD 

Bfln’nc blood 44 X bemjtxrrt 
T=27'C r = 0.126 cn 1=39.2^ 


Fig. 6 (left). Electrical resistance of flowing blood. Bovine blood, at 30 ± 4°C.; r = 0.126 
cm., 1 = 39.2 cm. 

Fi*'. 7 (right). Hydrodynamic and electrical resistance of flowing blood. Bovine blood, 
44% hematocrit; at 27‘’C.; r =0.126 cm., 1 = 39-2 cm. 


AP 


hydrodynamic resistance, defined as — , and electrical resistance is clearly shown m 

figure 7. We can only conclude that the red cells remain oriented despite the turbu- 
lence demonstrated simultaneously by hydrod3mamic methods. 
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DISCUSSION 

The constancy of electrical resistance of blood in which an orientation effect 
is electrically demonstrable at low flows indicates that the cells remain oriented in 
turbulent flow. It is diflScult to see how they could remain oriented if they did not 
occupy a region of the flow stream wliich was free of turbulence. It follows, then, 
that turbulence must occur in a region which is free of cells. 

It is well known that, in vessels of small caliber, the cells tend to accumulate in 
the axial stream (9, 10). Presumably this same phenomenon occurs in larger vessels. 
Surrounding the axial core of cells and plasma is a 'peripheral sleeve’ of essentially 
cell-free plasma. The constancy of electrical resistance at turbulence indicates that 
laminar flow is maintained in the axial core, and that turbulence is confined to the 
peripheral sleeve. 

If this hypothesis is correct, we may think of the apparent viscosit}'- of blood in 
laminar flow as the resultant of two viscous resistances in parallel: a) the viscosity 
of plasma alone in the peripheral sleeve and b) the viscosity of cells plus plasma in the 

Fig. 8. Vixocrry DisTRnsrrnoN curves 
just before transition to turbulent flow. Tie 
velocity distribution curve for this blood was 
calculated on the assumption that turbulence 
occurred when the average velocity of the 
peripheral sleeve plasma equalled the average 
velocity of plasma alone at turbulence in the 
same tube. If this assumption be accepted 
then the values of radius and viscosity of 
the aidal core can be calculated from the 
observed viscosities of whole blood and 
plasma; substitution of these values in New- 
ton’s laws of viscous flow yield the composite 
velocity distribution curve shown. 

axial core. This is represented in figure 8 for laminar flow just below the transition 
to turbulence. As flow is further increased, a critical average velocity of the peripheral 
plasma is eventually reached beyond which the inertial force in the peripheral sleeve 
alone is sufficient to maintain turbulence. In the axial core, however, the ^'iscous 
stabilizing influence of the red cells is still great enough to prevent this turbulence 
from spreading beyond the peripheral sleeve. We thus have a two-phase system, 
with turbulence in the (thin) peripheral sleeve proceeding simultaneously with 
stabilized viscous flow in the central core. 

The hypothesis that blood flows as a two-phase system has several implications 
of theoretical and practical importance: 

I. Application of Newton’s Law of Viscosity to this tw’o-phase system yields 

the relation 1?' = — ^ where / = apparent viscosity of whole blood; 

fi — viscosity of plasma; rjo = viscosity of central core, and a = fraction of cross- 
sectional area of tube occupied by the central core. The value of a at turbulence has 
not been established with certainty but it is probably not less than 0.85 under the 
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conditions of our experiments (see legend to fig. 8). This estimate yields a minimum 
value for 170 which is about 10 times the viscosity of plasma. 

2. Doubt is cast on the technique used by Ralston and Taylor (i, ii) in determin- 
ing the character of flow in glass or Incite tubes inserted into the aortas of dogs and 
cats. These authors injected India ink into the left ventricle or proximal aorta, and 
observed the appearance of streamlined filaments of ink in the tubes. This conclusion, 
valid for water, is not justified for blood in which core flow may be laminar while 
peripheral sleeve flow is turbulent. From the point of view of calculating the kinetic 
work of the heart it is clear from figure 8 that the velocity distribution of blood flow 
cannot be considered a continuous parabolic distribution based upon its apparent 
viscosity as would be justifiable in a homogeneous fluid. 

j. The concept of flowing blood as a two-phase system may have an important 
bearing on the problem of peripheral resistance. The energy required to maintain 
laminar flow of homogeneous fluids is greatest in the periphery where the rate of 
shear is highest. In a two-phase system where the axial core viscosity is considerably 
greater than that of the peripheral sleeve, this difference between peripheral and 
central rates of shear is greatly accentuated (fig^ 8), It would appear, therefore, that 
in a two-phase system, most of the energy required to maintain flow is dissipated in 
the peripheral sleeve, the axial core being carried along somewhat like a log in the 
center of a stream. It is suggested that this pattern of energy dissipation may apply 
to blood flowing in the arterioles which present the major resistance to flow of blood 
in the peripheral circulation. 


SUMMARY 

The development of turbulence in bovine blood flowing through medium bore 
glass tubes is described. 

Turbulence was found by conventional hydrodynamic methods to occur at an 
apparent Reynolds’ number of 970 ± 80. This value was independent of tube size, 
concentration of red cells and of temperature (table i). At very small Reynolds’ 
numbers the apparent viscosity decreases with increasing flow (fig. 3). Anomalous 
flow of blood is therefore not restricted to capillary tubes but is detectable, with 
refined methods, in large tubes at low rates of shear. 

Electrical resistance, measured in the axis of flow, was found to diminish with 
flow in a regular maimer paralleling the variation in apparent viscosity (figs. 6 and 7). 
Evidently the non-conducting cells, in orienting to diminish hydrodynamic resistance 
to flow, also present less cross-sectional area opposing the flow of electric current. 
Contrary to expectation, the electrical resistance remains rmaltered by the establish- 
ment of turbulent flow (figs. 6 and 7) even at Reynolds’ numbers up to 2500. This 
suggests that the cells remain oriented and that turbulence occurs in a region free 
from cells. 

The facts are consistent with the h)q)othesis that blood flows as a two-phase 
system comprising a peripheral plasma sleeve and a central core of plasma plus 
cells (fig. 8). Turbulence may develop in the peripheral plasma phase while laminar 
flow and cellular orientation continue undisturbed in the axial core. The results 
are discussed with reference to a) calculation of the kinetic work of the heart, b) the 
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flow of blood through stenotic apertures and c) the nature of flow in the peripheral 
arterioles. 
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METHOD FOR CONTINUOUS INTRAVENOUS ADMINISTRA- 
TION OF NUTRITIVE SOLUTIONS SUITABLE FOR 
PROLONGED METABOLIC STUDIES IN DOGSi-^ 


C. MARTIN RHODE, WILLIAM PARKINS, DEE TOURTELLOTTE and 

HARRY M. VARS 

From the Harrison Department of Surgical Research, University of Pennsylvania 

School of Medicine 

PHILADELPHIA, PENNSYLVANIA 

I N A Study of the nitrogen metabolism of dogs fed by vein, hypertonic glucose 
and glucose-protein solutions were administered continuously for as long as 
141 days, by the use of a plastic tube extending into the superior vena cava. 
Hypertonic solutions were employed so that the total fluid input would approximate 
the amount ingested normally by animals eating ad libitum. 

The Stengel-Vars apparatus (i), which permitted normal and free movement 
of the dog in a metabolism cage, w’as satisfactory in our hands when physiologic 
concentrations of glucose and saline were used, but solutions of 50 per cent glucose 
and hypertonic glucose-protein caused mechanical and technical difiiculties. The 
Jacobs (2) syringe-swivel unit would occasionally stick or freeze and offered a favor- 
able site for bacterial contamination. The volume of the system, from the pump to 
the indwelling catheter was large (ca. 30 ml.) and thermal reactions were frequent. 

The technique and apparatus evolved utilized pertinent parts and principles 
of the initial set-up and, in the main, consisted of a pump, flexible tubing circuit and 
counter-weight system. 

A scheme is illustrated in figure i and a photograph in figure 2. The solution 
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bottle, with a cotton air intake filter, was connected to the Debakey pump tube with 
a hypodermic needle. A modified Debakey type pump was driven by a constant 
speed A.c. synchronous motor through 2 permanent gear trains (3312:1 and 6:1) 
and an adjustable train containing 2 replaceable gears. The desired output speed 
was obtained by proper selection of the variable gears. Tlic fluid delivered by one 
tube could be varied from 3.5 to 30.0 ml/hour and with 3 pumping tubes in simul- 
taneous use up to 90.0 ml/hour could be delivered. 

A wire mesh filter^ enclosed in a glass tube and a 4-inch segment of readily dis- 
tensible latex tubing were incorporated into the pump tube outlet. The latter ser\'ed 
as a balloon or bubble within which the fluid could accumulate if the capillary system 
became obstructed. In addition, a length of one-inch Penrose tubing encased the latex 
segment in the event of a leak or rupture. 



Fig. I. Schematic drawing of component parts for continuous intravenous injection of fluids 
into ambulator}' animals. 

A 6-foot length of ‘swivel’ tubing' was connected to the pump tube outlet by a 
h3^podermic needle and to the intravenous catheter by a needle shaft. 

Two segments of a larger, plastic, ‘sleeve’ tube® housed and protected the swivel 
tube. A ball-bearing joint was inserted between the segments to prevent kinking with 
i;otation of the dog. A short segment was attached to and extended several inches 
above the ball-bearing joint. A longer segment extended from the joint dovmward 
through a hole in the cage top to the harness. Vertical motion was accomplished 
by a simple counterweight system attached to the bearing and harness. The full 
length of the swivel tube was maintained bj'- securing it with tape to the upper and 
lower free ends of the sleeve tube. 

All motion of the dog, both rotary and vertical, was transmitted through the 
swivel tube. This plastic tube of poljwinyl chloride® is relatively soft, elastic, flexible 

’ Obtained from Army-Navj' blood plasma sets. 

Irvington Varnish and Insulator Co. Irvington, N. J. — 0.022", i.cl., 0.054", o.d. 

® Irvington Varnish and Insulator Co. — 0.125”) ^•*^-) o-^s”) 

' Irvington Varnish and Insulator Co. — 0.022", i.d., 0.054", o.d. 
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and nonwettable. A 6-foot length with both ends secured could be twisted or rotated 
more than 100 times in one direction without occluding the lumen providing the 
original length was maintained. A longitudinal pin stripe or line was painted on in 
order to judge the degree of rotation. Untwisting was performed when necessary. 
The capacity of this capillary tubing is about o.i cc/foot, and consequently the move- 
ment of a given unit of solution was relatively rapid with pump outputs of only lo.o 
to 16.0 cc/hour. Thus, accidental introduction of bacteria into the fluid column when 



Fig. 2. Photograph of EQun’siENT set up for continuous intravenous injection of fluids into 
dogs. The Penrose-tubing cover, described in the text, is not present in this photograpli, 

joining the apparatus to the intravenous catheter did not result in gross contamina- 
tion of the system. 

Venous catheterization, as described by Zimmerman (3), was performed by 
threading another plastic capillary tube through a hypodermic needle, previously 
inserted into the external jugular vein, until the tip was in the superior vena cava. 
The needle was withdrawn and local pressure was applied for hemostasis. The vein 
was not ligated. A thin patch of gauze and collodion anchored the tube to the skin. 
The outer end of the catheter was joined to the swivel tube with a needle shaft and 
taped to the harness. A muslin or canvas jacket covered the harness and the neck of 
the dog. 

The tip of the indwelling venous catheter was placed in the superior vena cava 
so that greater dilution of the hypertonic infusions occurred. The rates of infusion 
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were about 0.2 to 0.3 ml/minute whereas the cardiac output of a lo-kg. dog is 
about 20C0 ml/minute. In earlier experiments, specimens of caval blood were with- 
drawn through a second tube, the tip of which was inserted one inch distal to that 
of the infusion catheter. Blood glucose analyses were normal. 

The plastic catheters, pol>winyl chloride and polyethylene^, ranged in outside 
diameter from 0.024" to 0.054" (equivalent to o.d. of 21- to 17-gauge needles) and 
could be threaded through 13- to 18-gauge hypodermic needles. The catheters were 
sterilized by immersing in an aqueous solution of Zephiran (1:1000). Polyethylene 
tubes may be boiled, but not autoclaved. 

The fluid circuit, DeBakey pump lube, latex tube and swivel tube were steri- 
lized as a single unit by autoclaving. Care was taken to avoid pressure defects in the 
plastic tubing during the heating process. 

The diets consisted of 50 per cent glucose, Amigen*, and/or gelatin Knox P-20 
in hypertonic glucose, which were administered continuously b}'^ vein. A multiple 
vitamin mixture (JH47-10210)®, McCollum’s 185 salt mixture, and water ad libilxim 
were given orally. 

Since this technique and apparatus were used in metabolic e.xperiments, tlie 
dogs were not killed and comprehensive pathologic studies were not undertaken. 

Table i summarizes the e.xperience to date. The same veins have frequently 
been re-employed in subsequent e.xperiments. Multiple use, however, often caused 
thickening and obliteration of the lumen. Rarely did infection appear in the skin or 
subcutaneous tissues surrounding tlie intravenous catheter. 

Edema or swelling of the ventral aspect of the neck associated with fever oc- 
curred in 4 animals {dogs gii, 104^, 2^g, 44) after 29, 24, 46 and 141 da}^ respective!}’’ 
of the third or fourth experiment. Three recovered upon removal of tlie tube. Dog 
23g died 12 days after the completion of the third e.xperiment, with massive pleural 
effusions. At postmortem the polyrinyl chloride catheter, which had been used in 
the second experiment (67 days) and not removed, was noted in the right external 
jugular vein, superior vena cava, auricle and ventricle. The physical properties of this 
plastic had changed; the softness and elasticity were no longer present. The wall 
of the superior vena cava was markedly thickened in one area with a local throm- 
bophlebitic process into which the tube was incorporated, just as the cava curx'^es 
or angulates to enter the auricle. Two months after completion of the third experi- 
ment dog §64 was electively killed. Pleural effusions and markedly thickened superior 
vena cava were evident. Dog 144 was killed two weeks after the fourth experiment 
(141 days). Both jugular veins and the superior vena cava were patent and contained 
no obvious areas of thrombophlebitis. The work of Cresson and Glenn (4) and Dr. 
Paul Nemir, of this laboratory, has given us the impression that the tube per se 
played the major role when vessel alteration was encountered. Limited e.xperience 
indicated a high incidence of vessel damage and occlusion when the small peripheral 
veins were catheterized. The volume of blood flow and cross sectional area of these 
veins were small in contrast to those of the external jugular veins and superior vena 

’’ Surprenant Electrical Insulation Companj'-, Boston, Mass. 

* Kindly supplied by Dr. W. M. Cox, Jr., Mead Johnson & Co. 

® Kindly supplied by Mr. Lee Caldwell, Eli Lilly & Co. 



Table i. Experience with inteai'enous plastic catheters used in infusion of hypertonic 

SOLUTIONS INTO SUPERIOR VENA CAVA OF DOGS 


DOG KO. 

EXPEH. 

DATE 

JUGULAE 

USED 

TTJBEl, 

DAYS 

50 %* 

SOLDTIOK, 

DAYS 

TOTAL DAYS 

Tube 

50 % Sol. 

1039 

I 

10-18-46 

R 

12 

10 




2 

11-22-46 

L 

29 





3 

I- 6-47 

R 

3 


66 

28 


4 

3-20-47 

R 

ri 

7 




5 

8- 1-47 

L 

II 

II 



911 

I 

II- 8-46 

R 

29 

7 




2 

12- 7-46 

L 

16 

9 




3 

I- 7-47 

R 

4 


65 

32 



3-2S-47 

R 

16 

16 



100 

I 

4-23-47 

R 

24 

II 




2 

1 11-12-47 

1 

R 

26 

26 

1 

50 

\ 

37 

1045 

I 

1-10-47 

R 

18 

1 

iS 




2 

3-28-47 

R 

39 

39 

76 

76 


f 

7-14-47 

R 

19 

19 



239 

I 

2-25-47 

R 

29 

27 




2 

5- 6-47 

R 

II 


80 

78 


f 

S-26-47 

L 

40 




90S 

T 

1-28-47 

R 

S 

H 9 




2 

2-26-47 

L 

29 


54 

45 


3 

S- 6-47 

L 

20 




564 

I 

2-1 1-47 

R 

37 





2 

7-30-47 


8 

8 

53 

28 


3 

8- 7-47 


8 

6 



44 

I 

H 

1 

M 


35 

15 




2 

6-26-47 


34 

34 




3 

I- 7-48 


137 

137 

209 1 

189 


4’ 

5-26-48 

R 

3 

3 



J<55 

I 

3-24-47 

R 

54 

4 

1 



2 

7-47 

R 

10 

10 

97 

47 


3 

C-26-47 


33 

33 



907 

I 

2-12-47 


7 

7 




2 

2-19-47 


20 

6 

70 

56 


3 

5-26-47 


43 

43 



144 

I 

8-11-47 

R 

17 

15 




2 

10-29-47 

L 

56 

56 

123 

126 


3 

4- 9-48 

L 

55 

55 



181 

I 

12- 3-47 

R 

84 

84 

84 

84 

232 

I 

3-19-4S 

R 

27 

27 

27 

27 

1S9 

I 

4-15-48 

R 

5 ° 

50 

50 

50 


1 Tube days refers to the period of time the catheter was in situ, whether being used for in- 
fusions or not. 

3 Solution days refers to the actual period of time infusions were performed. 

5 Experiment terminated with clinical signs of vascular abnormality. 
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cava. No signs or indications of gross caval patholog}' were noted in any of these dogs 
during the first or second metabolic experiment. 

This technique and apparatus permitted free movement of the dog in the metab- 
olism cage while receiving continuous injections of hypertonic glucose and glucose- 
protein solutions during metabolic studies. Catheterization of the bladder and 
withdrawal of blood specimens were carried out without interruption to the in- 
fusions. 

The dogs so infused for periods of 4 to 20 w'eeks appear normally active and in 
good physical condition except for the above-mentioned complications. 

We wish to acknowledge the valuable advice and assistance of Dr. Lyle Peterson and Mr. James 
Walker. 
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NITROGEN BALANCES OF DOGS CONTINUOUSLY 
INFUSED WITH 50 PER CENT GLUCOSE AND 
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With the technical assistance of Many Lott Miller and Mel\tn Sobel 
From the Harrison Department of Surgical Research, Vnimrsiiy of Pennsylvania 

School of Medicine 

PHILADELPHIA, PENNSYLVANIA 

I N THE experiments to be presented, nitrogen metabolism was studied in dogs 
which received the majority of food stuffs by vein. Hypertonic solutions of 
glucose were infused continuously iu order to supply adequate non-protein 
calories for energy needs and at the same time remain within the physiologic range 
of fluid input. A study of the nitrogen metabolism during the administration of glu- 
cose with protein hydrolyzates and gelatin P-20 in post-operative patients has been 
reported by Riegel et al. (i). 


METHODS AND MATERIALS 

The solutions were injected into the superior vena cava by means of an indwelling 
plastic capillary catheter and an injecting apparatus which permitted free move- 
ment of the dog in the metabolism cage (2, 3). Fifty per cent glucose was injected at 
a rate of approximately 25 cc/kg. of initial body weight per day. During periods of 
protein administration, the amounts of infused nitrogen were comparable and equiva- 
lent calories of glucose were utilized. The infused fluid volumes were constant ex- 
cept when mechanical difficulties arose. 

A multiple vitamin mixture (0.5 cc/kg.)® and McCollum’s 185 salt mixture 
(0.25 gm/kg.) were given orally each day and water was allowed ad libittm. Amigen,^ 
an enzymatic hydrolyzate of casein, and gelatin-Knox P-20® were the protein prepa- 
rations used. Gelatin P-20 has an average molecular weight of about 35,000 and 99 
per cent of the nitrogen is precipitable with tungstic acid. The ‘standard’ amount 
of nitrogen, 120 mg/kg. of initial body weight per day, was administered in 

Received for publication July 12, 1949. 

^ A preliminary report of this work was made at the Annual Meeting of the Federation of Ameri- 
can Societies for Experimental Biology, March 19, 1948. The abstract of the paper appears in the 
Federation Proc. 7: lor, 1948 

2 These studies were supported in part by a grant from Knox Gelatine Protein Products, Inc 
Camden, N. J. 

2 Kindly supplied by Dr. Lee Caldwell, Eli Lilly and Company {JH47-io2ro). Each 0.5 cc. 
contains: 250 units vitamin A; 25 units vitamin D; 0.3 mg. thiamine hydrochloride, 0.3 mg. riboflavin- 
0.25 mg. pyridoxme hydrochloride; 0.25 mg. pantothenic acid; 2.5 mg. nicotinamide: 2.5 mg. insotol- 
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rng. ricebran concentrate; 25 mg. linoleic acid; 2.5 mg. distilled natural to copherols- i? ms choline 
chloride. >00 

•* Kindly supplied by Dr. W. M. Cox, Jr., Mead Johnson Comoany 

6 Kindly furnished by Dr. Dee TourteUote, Knox Gelatine Protein Products, Inc. 
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most experiments as: i) amigen alone, 2) gelatin P-20 alone, 3) amigen and gelatin 
P-20 in equal amounts, 4) gelatin P-20 supplemented with 2.0 mg. of DL-methio- 
nine and i.o mg. of DL-tryptophane nitrogen/kg/day. In a few single experiments 
solutions containing 2 or 3 times the ‘standard’ amounts of amigen or gelatin 
nitrogen were infused. Also a comparison was made of nitrogen balance during 
continuous intravenous and continuous intragastric injection. 

The total nitrogen in urine and plasma was determined by micro Kjeldahl 
digestion and titration. Urine urea and ammonia nitrogen were analyzed by the 
aeration method of Van Slyke and Cullen (4). The differential precipitation of plasma 


Table i. Nitrogen excretion during inegsion of 50 per cent glucose and 50 per cent glucose 

SUPPLEMENTED IWTII 2 MG. DL-METUIONINE PLUS I MG. DL-TRYPTOPIIANE-NITROGEN 

PER KG. PER DAY 


DOG NO.l 

URIKARV 

NITROGEN’ 

j 50% CLtrcosE i.v. 


6-9 days 

10-13 daj’s 

cal/ks/day 

gm/m*/hr. 


mg/ks 

gm/m'i 

mg/kg- 

gmjm? 



239 

96 

2-36 

86 

2.13 

43 

12.3 


100 

2.45 



48 

13-0 

goS 

105 

2.58 

109 

2.68 

45 

12. 2 

go ? 

III { 

2.90 



42 

12.3 

44 

II3 

2. 38 



51 

12.8 

gii 

II9 

2.83 

110 

2.63 

48 

12.0 

1045 

130 

3-22 

104 

2.56 


12.0 

i 8 g 

133 

3.00 

I14 j 

2.67 


12-5 

144 

127 

2.7S 

131 

2.88 


12.3 

144 

I31 

2.88 




II. 6 






50% Glucose with metli. 






j tryp. 

44 

73 

1-73 



47 

12-5 

iSi 

79 

1.63 



42 

H 

H 


^ Experiments on 2jp, 44, 144, 6 months apart. 


gelatin, native plasma and protein precipitable urine gelatin was carried out with a 
modification of the method described by Waters (5). 

Male and female dogs of 10 to 16 kg. in weight were used in these experiments 
after preparation with distemper prophylaxis and effectual therapy for infestation 
by intestinal parasites.® The initial weight was obtained 18 hours after the last feeding 
and the subsequent ones at the end of each period. The dogs were catheterized every 
2 days during the experiment and separate analyses were made of each 48-hour 
pooled specimen. Stools were quite infrequent after the fifth day. Fecal nitrogen was 
not determined. 

Dogs considered to be normal and in a good state of nutrition were infused 
initially with the 50 per cent glucose, protein-free diet for 9 to 13 days to establish 

® We wish to thank Dr. Mark Allam, University of Pennsylvania School of Veterinary Medi- 
cine, for his cooperation. 
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the level of basal nitrogen excretion. Following such a regimen, the different protein 
preparations in hypertonic glucose solution were injected for periods of varying 
duration, one series of dogs for about one week, the other for 2 to 3 weeks or longer. 


Total 

ProleiTi 

GM. <7o 



HCT 


50 -I- 
40 - 
- 30 - 




Fig. 1. Nitrogen balances during infusions of different protein preparations following one 
another. (Lowered nitrogen input on 2Sth day was due to technical diflSculties.) 


RESULTS 

The values for nitrogen excretion during the initial 6th- through lath-day period 
of 50 per cent glucose, protein-free administration are illustrated in table i. The 
average outputs of different dogs varied considerably during the 6 to 9-day period, 
but a maximal level of 114 mg/kg/day was reached during the loth- through 13th- 
day period, with the exception of dog 144. Two dogs were infused with 50 per cent 
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glucose containing methionine and tryptophane in amounts previously stated. A 
diminished nitrogen output was evident. 

In one group of 3 dogs tlie infusion of different tjqies of protein solutions followed 
one another. A representative example is illustrated in figure i. Urinary nitrogen and 
nitrogen balance values are given as period averages except for the first two days 
of the gelatin P-20 infusions and the subsequent infusions, so as to indicate the 
delayed response in excretion of both the macromolecular gelatin and other urinary 
nitrogen. The average e.xcretion of the colloidal gelatin was approximately 50 per 
cent of that infused and it was included in computing the nitrogen balances. 

The nitrogen balance during the infusion of the amigen-gelatin P-20 was not as 
favorable as with amigen alone. An intermediate balance was obtained with the 
gelatin P-20 fortified with methionine and tryptophane, but there was a marked 
decrease in the urea and ammonia nitrogen fraction. A tendency toward a more posi- 
tive nitrogen balance was observed during the second and third amigen periods and 
probably reflected progressive protein depletion of the dog. 

The average maximum concentrations of plasma gelatin of these dogs w'ere 0.7 
gm. per cent and 1.5 gm. per cent at the end of tlie amigen-gelatin and 'standard’ 
gelatin infusions. The native plasma protein concentrations were proportionally 
depressed so that little alteration of tlie total plasma colloid occurred when smaller 
amounts of gelatin were given. Some hemodilution appeared with the larger quanti- 
ties. 

To obviate the immediate influence of the metabolism of one protein preparation 
upon a succeeding one, the protein administration in a second group of dogs was 
preceded and followed by a protein-free base-period. Typical examples of this group 
are illustrated in figures 2 and 3. 

The nitrogen excretion values in Jog 144 during the infusion of 50 percent glucose 
with and without fortification, and the nitrogen balance values during tlie adminis- 
tration of amigen and of gelatin P-20 are given in figure 2. The addition of methi- 
onine and tryptophane to the glucose infused resulted in diminished nitrogen ex- 
cretion. Upon return to the infusion of glucose alone, the previous level of nitrogen 
output was restored. Nitrogen balances were compared during the amigen, gelatin 
P-20 and the respective protein-free periods. During the infusion of amigen, nitrogen 
excretion increased promptly, whereas with gelatin P-20 a delayed excretion oc- 
curred in both the precipitable gelatin and other urinary nitrogen. The plasma gelatin 
concentration was 1.6 grams per cent on the sixth day of infusion. It had decreased 
to 0.8 grams per cent by the third day of the subsequent protein-free glucose period. 

In dog 44 (fig. 3), comparisons were also made of the nitrogen excretion during 
infusions of gelatin P-20 and glucose, each with and without methionine and trypto- 
phane supplementation. The urinary nitrogen and nitrogen balance values in figure 3 
are represented by 4-day averages, except for the initial 2 days diu*ing and immedi- 
ately following gelatin and the supplemented glucose infusions. Increased nitrogen 
output was observed during the administration of the gelatin solutions and was 
particularly marked with the injection of the 2x and 3X ‘standard’ gelatin con- 
centrations. Again, the precipitable urinary'- gelatin (6) was approximately 50 per 
cent of that injected in each of the three periods. 
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A decreased excretion of undetermined nitrogen, from 0.54 to 0.33 gm. N per 
day, was noted with the first gelatin infusion but a gradual increase occurred during 
the later ones. These changes were small but consistent and seemed to vary with 
the state of protein depletion of the animal. Positive water balance occurred during 
the periods of gelatin infusion. These varied in degree with the concentration of 


Total 

Protein 

eM.% 



Dog 14 -^ 



PLASMA CEL. 


HCT 


Weight 

K6. 


60 -« 
50 -!? 
40 — 
30 - 1 — 

10 T 
® I 

-e-1— 


Infused Nitrogen: 



UrinarEj 

Nitrogen 

GM. 


2 T 


H 


UWCT. N rr 

iiiiifTTniiiill 





50% GLUCOSe 

FORTlFieD 

Glucose 

GLUCOSE 

AMIOCH, 

Glucose 

CIU 

GILftTIN, 

61UCOSO 

GLUCOSE 

ax DAYS 

8 DAYS 

8 PAYS 

5 DAYS 


7 DAYS 

4 DAYS 

i~ri 1 { 1 1 ■!' 1 fri "rT-pi 1 

5) ool 39 I ;eol 

— 1'TM 1 1 r 1" 

sol 

' ' ‘ 35 ! ■ ' 

>4ol ' ' 

Ai 

' ' ' id ' 

'al 


DAYS 


Fig. 2. Nitrogen balances during infusions of glucose, glucose fortified with methionine and 
tryptophane, amigen and gelatin P-20. (Incomplete records for days ii to 16 were due to difificulties 
in the infusion outfit.) 


gelatin infused. They were followed by transient peaks in the excretion of urinary 
nitrogen (days 18-21, 115-121) which were mainly associated with a return of a 
diminished urine volume to control levels. 

A comparison was made of the differences in nitrogen excretion during each of 
the three gelatin infusions, with that during their respective protein-free glucose 
periods. Thus the periods of gelatin supplemented with methionine and tryptophane 
were considered in relationship to their respective protein-free periods of glucose 
with methionine and tryptophane. Likewise, the infusion of gelatin alone was com- 
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pared with its control protein-free period of glucose alone. The nitrogen balance 
values of these three gelatin infusions were similar, 

A gradual rise in nitrogen output, mainly urea and ammonia nitrogen, occurred 
during the 6-day period following the removal of methionine and tryptophane from 
the 50 per cent glucose which had been infused for 75 days. This is in contrast to a 
more rapid rise during a s-day period in dog 144 (fig, 2), wherein glucose with methio- 
nine and tryptophane had been given for onlj'’ S days, A favorable nitrogen balance 
was associated with the injection of one-half tlie 'standard’ amount of amigen. 

The infusions were discontinued in this dog after completion of the r4ist day, 
consequently the urinary nitrogen output other than that of precipitable gelatin 
was not followed. 

The concentrations of plasma gelatin were plotted as additions to those of the 
native plasma proteins giving the values for total plasma colloid. The most rapid 
rise in plasma gelatin concentrations occurred during the first 4 days of gelatin 
infusion and maximal concentrations were usuall}' reached by tlie Stli day. Average 
maximal concentrations were 1.5 and 2.95 gm, per cent with the administration of 
IX and 3X standard gelatin solutions. As colloidal gelatin accumulated tlie native 
plasma protein levels were depressed and simultaneously evidence of hemodilution 
appeared in both the hematocrit and total plasma colloid values. The concentration 
of native plasma protein fell to i.o gm. per cent when the maximal gelatin concen- 
tration was 2.95 gm. per cent. Upon cessation of tliese injections, the plasma gelatin 
gradually disappeared within the following week, with a concomitant rise in the 
concentrations of native plasma proteins. Gelatin did not appear in the urine after tlie 
4th day, when the plasma level had fallen to 0.5 to 0,7 gm. per cent. 

Hyperglycemia and glycosuria did not appear in any of the dogs in this study. 
A gradual increase in urine volume up to 2X to 4X was noted in most dogs which 
were on experiment one month or more, but urinary nitrogen excretion was unal- 
tered.^ 

In order to compare nitrogen utilization in the same and different dogs with 
varying degrees of protein depletion, the principles of Allison et al. (6) were em- 
ployed. In the relationship of nitrogen balance and infused nitrogen, a comparison 
was made of the differences in nitrogen excretion during the protein and the average 
of the respective protein-free, glucose periods. The calculations were expressed as 
percentage of infused nitrogen retained during the period of protein infusion. The 
average nitrogen excretion during gelatin infusion, excluding the initial 2 days of 
diminished nitrogen output, was used in the computations of macromolecular gelatin 
utilization. The average excretion of urine nitrogen in the basal protein-free periods 
preceding and following the gelatin infusion was estimated from 4-day periods of 
relatively constant nitrogen output. In the after period it frequently took 4 to 10 
days for an apparently steady state of nitrogen excretion to be attained. Rarely 
did the pre and post values coincide, the second figure being generally lower. The 
figures for 'retained nitrogen’ are therefore presented as approximations (table 2), 

^ This occurred as readily on glucose alone, as it did when N- containing solutions were being 
injected. In the latter instances there were periods when rather marked variations in water balance 
occurred. These changes were quite abrupt and transient and w’ere not associated with an}' observed 
clinical changes in the status of the animal. 
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The average values for ‘retained nitrogen’ in all experiments where amigen was 
infused was 76 per cent. Vidien amigen-gelatin was infused 54 per cent of the nitrogen 
was retained. Gelatin, supplemented with methionine and tryptophane, in two experi- 
ments gave a 59.5 per cent retention when calculated from base-line periods of glucose 
alone. An average gelatin nitrogen retention of 23 per cent was observed in 6 experi- 
ments, where the base-period infusions were glucose alone. In 4 experiments both 
the gelatin and the glucose of tlie protein-free base periods were supplemented with 
methionine and tryptophane. These gave an average nitrogen retention of 28 per 


WT..KG 



Fig. 3 Nitrogen balances during the administration of fortified gelatin, | ‘standard’ amigen 
and 2X-3X ‘standard’ gelatin compared with the respective amino acid, supplemented and non- 
supplemented glucose periods {dog 44). 


cent. The individual values for the utilization of gelatm nitrogen varied considerably 
more than those for amigen. 

In one experiment a comparison was made of the utilization of gelatm nitrogen 
given by vein, with continuous intragastric feeding. When given by vein 38 per cent 
of the gelatin nitrogen was retained, while only 17 per cent was retained when the 
gelatin was given into the stomach. 

DISCUSSION 

In a study of protem evaluation, adequate non-protein calories must be supplied 
to fulfill the gross energy needs of the organism tested. Calories were supplied in these 
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experiments by the continuous administration of 50 per cent glucose at a rate of 
40 to 50 cal/kg/day (approximately 12 gm/raVhr.), which according to Astwood 
(7) is the maximal amount of glucose which can be tolerated by dogs for 35 days or 
longer. 

The excretion of urinary' nitrogen during the initial period of equilibrium (6-13 
days) was comparable to the data reported by Allison cl al. ( 8 ) with oral protein- 
free diets of 70 cal/kg/day or more. The addition of methionine and tryptophane 
to the glucose resulted in a considerable diminution in nitrogen excretion during its 
a dmin istration, predominantly in the urea and ammonia nitrogen fractions. These 
observations confirm those of Allison in the dog (6) and Brush in the rat (9) in that 
methionine appears to spare nitrogen catabolism in these animals. 

In the single experiment comparing the different routes of administration no 
alteration in nitrogen excretion was noted when glucose was injected continuously 
into the vein or stomach in successive periods. 

The amount of infused nitrogen, 120 mg/kg/day, was selected in order to main- 
tain a zero or slightly negative nitrogen balance, a range in whicli nitrogen is effec- 
tively utilized. 

The prompt, sustained elevation in nitrogen excretion with amigen, above that 
during the protein-free base line was composed of approximately equal amounts of 
both the urea-ammonia and the undetermined nitrogen fractions. The approximate 
average total value of this elevation was 20 per cent when calculated as percentage 
of infused nitrogen. The marked rise in nitrogen excretion with gelatin infusion con- 
sisted mainly of the precipitable gelatin and the urea-ammonia fractions, approxi- 
mately 50 per cent and 20 per cent respectively, whereas the maximum increase in the 
undetermined nitrogen was 7 per cent. The gradual changes in nitrogen output and 
plasma colloid concentration during and after gelatin injections were probably 
associated with changes in water balance; fluid, colloid and electrolyte shifts; and a 
slower, more gradual metabolism of macromolecular gelatin. 

Plasma gelatin concentration increased to levels of 2.95 gm. per cent with the 
3X 'standard’ infusion, whereas that of the native plasma protein was simultaneously 
depressed to i.o gm. per cent. The total plasma colloid concentrations at this time 
were below those of the control period, reflecting hemodilution. With the injection 
of smaller amounts of gelatin the plasma levels were proportionately less and the 
total colloid concentrations were relatively imchanged. Such minor changes in the 
levels of total colloid, and large shifts in the component fractions probably indicated 
an oncotic mechanism regulating the concentrations of plasma proteins, or perhaps a 
depression of native plasma protein synthesis during periods of gelatin infusion. 

Investigators have computed absorbed nitrogen to be ingested nitrogen minus 
fecal nitrogen in studies of the evaluation of proteins fed oraUy. Similarly here an 
analogy might be made in which 'absorbed nitrogen’ would be equal to infused nitro- 
gen minus urine gelatin nitrogen and the extra amino acid nitrogen in both free and 
combined forms. The amount of infused gelatin which was not excreted as precipitable 
gelatin and extra amino nitrogen would be available for metabolism. By this method 
of calculation the values for 'retained nitrogen’ during gelatin infusions would be 
increased approximately twofold. This, however, would be obviated when net pro- 
tein-nitrogen gain to the animal per unit protein-nitrogen intake was considered. 
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In most dogs, by various methods of calculation, there was evidence that a 
quantity of nitrogen calculated as equivalent to 10 to 30 per cent of the infused gela- 
tin nitrogen did not appear in the urine as precipitable gelatin or as increased urea- 


Table 2. Retained nitrogen 


DOG 

EXPER., DAYS 

AMIGEN 

AM.-GEL. 

GEL.-P-20 

GEt.-P-20 






gm/day (6) 

23 P 

10-15 

79 





16-21 


53 




28-35 



65 P 


44 

13-20 

80 





21-28 


59 



907 

10-15 

72 





16-21 


50 




28-37 

1 



54 F 


1045 

I4 "i8 

1 

i 

74 




144 

38-43 

77 





46-52 



35 

•52 

i8p 

27-48 



4 

.07 

I 03 P 

13-25 



31 F 

•47 

181 

11-16 



22 F 

•37 


34-38 



32 

•57 


74-77 

68 




100 

22-29 



38 

•53 


44-51 



17 Fst. 

•24 

144 

14-26 



19 

.68 

44 

12-35 



32 F 

.44 


44-54 



27 F 

•36 


90-94 

82 





1 100-141 



II 

.41 


(a) Calculated as % nitrogen infused during administration of amigen, amigen-gelatin P-20, 
and gelatin P-20 with and without methionine and tryptophane. ( 6 ) Calculated as grams of in- 
fused gelatin nitrogen retained per day. 

F^ = Supplemented Gel-P-20 compared with non-supplemented glucose protein-free period. 
F = Gel-P-20 supplemented with methionine and tryiitophane. Fst. = Gel-P-20 injected by 
intragastric catheter. 

ammonia or undetermined nitrogen either during the gelatin infusion or in the follow- 
ing protein-free glucose period. In the calculation of the percentage retained nitrogen, 
the average excretion of urine nitrogen in the basal-protein-free periods preceding and 
following the gelatin infusion was estimated from 4-day periods of relatively constant 
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nitrogen output. In the after period it frequently took 4 to 10 days for an apparently 
steady state of nitrogen excretion to be attained. Rarely did the prc and post values 
coincide, tire second figure being lower. This prolonged period required for a con- 
stant nitrogen output to be obtained was in part due to the excretion of gelatin present 
in the body at the end of gelatin infusion. Precipitable gelatin in detectable amounts 
was excreted until the plasma level reached approximately 0.5 to 0.7 gm. per cent 
gelatin. The amount of precipitable gelatin e.xcreted in the after protein-free glucose 
period was i to 4 per cent of the total gelatin infused. The excretion of extra urea and 
ammonia nitrogen in this period was calculated to be up to 10 per cent of the infused 
gelatin nitrogen. This extra urea and ammonia nitrogen was excreted during the 
initial 4 to 10 days of tlie after-glucose period and prior to the establishment of the 
steady state of nitrogen excretion. The nature of the ‘stored* products, whether as 
gelatin nitrogen itself or partial split products, cannot be answered by these data. 
However, in two dogs receiving gelatin, the quantity of extra nitrogen excreted in 
the initial ‘carry-over’ phase of the following protein-free period was comparable in 
magnitude to the amount calculated as ‘retained nitrogen’ during the period of 
gelatin infusion. This extra quantity of nitrogen was composed mainly of urea- 
ammonia nitrogen and to a lesser extent of undetermined and precipitable gelatin 
nitrogen. The values for ‘retained nitrogen’ calculated during tlie gelatin infusions 
were low in these dogs {18 g and 144, expcr. 2). 

Histologic examination of the tissues of the two protehi-depleted animals {dogs 
44 and 144), killed after long, chronic experiments, revealed changes similar to the 
observations reported by Parkins el al. (10). No irreversible lesions in the kidney 
and liver that could be attributable to tlie infused gelatin were noted.” 

Weight loss after the initial i- to 2-week period of equilibrium was relatively 
small in all dogs, and upon completion of the experiments these dogs appeared 
normally active and in good physical condition. 

SUMMARY 

Dogs receiving 45 to 50 cal/kg/day supplied by 50 per cent glucose infused 
continuously have, in general, urinary nitrogen excretions of 100 to no mg/kg/day 
during an initial 6- to 13-day period. These nitrogen excretions are comparable to 
those reported by others feeding protein-free diets by mouth containing 70 to So 
cal/kg/day. 

The diminished excretion of urinary nitrogen during infusions of 50 per cent 
glucose supplemented with methionine and tryptophane confirm previous reports. 
The calculated nitrogen retention values for amigen in tliese studies are similar to, 
or somewhat higher than, those reported for single daily injections. The average of 
these values is 76 per cent. 

The average nitrogen retention calculated for gelatin P-20 is approximately 27 
per cent. Considerable variation hi the individual values was noted. No significant 
difference in these values was observed for gelatin P-20, with or without a methionine 
tryptophane supplement, when compared to the respective protein-free base line 

® We wish to thank Dr. Herbert Ratcliffe, Dept, of Pathology, University of Pennsylvania 
School of Medicine and Chief Pathologist of Philadelphia Zoological Gardens, for these examinations. 
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periods. The substantial increases in excretions of urea and ammonia nitrogen during 
infusions of gelatin P-20 are interpreted as an indication of the metabolism of the 
gelatin not excreted as such in the urine. 

The authors express their thanks to Dr. D. Tourtellotte who throughout these experiments 
prepared all solutions used for intravenous feeding, except for the amigen solutions. 
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DISCHARGE OF ADRENOCORTICOTROPHIC HORMONE 
FROM TRANSPLANTED PITUITARY TISSUE ^ 
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From the Dcparlmcnls of Pharmacology and Anatomy, University of Utah College of Medicine 

SALT LAKE CITY, UTAH 

O bservations on the adrenocorticotrophic activity of pituitary trans- 
plants have been incidental to studies on the mechanism of regulation of 
pituitary gonadotrophic function. Hill and Gardner (i) have described 
normal adrenals in two hypophysectomized mice with intratesticular transplants of 
pituitary tissue. In guinea pigs with intraocular transplants of pituitary tissue 
Schweizer, Charipper and Haterius (2) state, “The adrenals especially were well 
differentiated both in the cortical and medullar}' regions.” However, Schweizer, 
Charipper and Kleinberg (3) later reported figures which show a reduction in the 
weights of the adrenals of similarly prepared animals. Cutuly (4) demonstrated that 
intrasellar, but not intraocular, grafts of pituitary tissue will maintain the weight of 
the adrenals of hypophysectomized rats. It would therefore appear that under 
certain circumstances pituitary transplants secrete adrenocorticotrophic hormone 
(ACTH). 

Stalk-section experiments have shown that neural connections between the hy- 
pothalamus and the pituitary are essential neitlier for the pituitar}'-induced adrenal 
hypertrophy which accompanies chronic stress (5, 6) nor for the prompt discharge 
of ACTH during acute stress (7). However, Harris (8) has called attention to the 
possible importance of an hypophyseal portal venous system in the regulation of 
pituitary activity; according to Harris, this vascular link may regenerate after stalk 
section. Therefore, it was thought important to study the ability of pituitary tissue, 
implanted at sites removed from the h}'pothalamus, to discharge ACTH in response 
to acute stress. 


METHODS 

Male rats from the Sprague-Dawley farm were divided into 3 groups, as follows: 
the animals of grojip i remained as controls; those of group 2 were completely hy- 
pophysectomized; and the rats of group 3 were first completely hypophysectomized 
and then implanted with pituitary tissue at one or more of 3 sites (sella turcica, 
anterior chamber of the eye, spleen). 

Hypophysectomy w'as performed by the parapharyngeal approach. The teclinic 
employed for transplantation was the following: The pituitary of a rat was sucked 

Received for publication July 24, 1949. 

^ Supported by a grant from the American Cancer Society recommended by the Committee 
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out of the sella turcica into a bottle containing a solution of 0.9 per cent sodium 
chloride at 37° C. The anterior pituitary tissue was cut into small pieces and a 
fragment, amounting to one-quarter or less of the gland, introduced into the anterior 
chamber of the eye of the same rat (auto-transplant), through a slit at the comeal- 
scleral junction, or into the anterior chamber of the eye of a recipient rat (homo- 
transplant) which had. been hypophysectomized. a few minutes earlier. In other rats, 
the tissue was auto- or homo-transplanted into the spleen. In stUl other animals, the 
gland was sucked out of the seUa turcica and immediately returned to the pituitary 
fossa. In a few animals, transplants were introduced into the anterior chamber of 
the eye and a number of days later a homo-transplant of anterior pituitary tissue 
was introduced into the spleen. Serial sections of the organs receiving transplants 
were stained with hematoxylin and eosin, or by a Mallory-azan technic as modified 
by Koneff (9). The following measurements were employed to evaluate the functional 
activity of the transplanted tissue: body, adrenal, and testicular weights, and the 
rate of release of ACTH from tlae graft in response to a sudden stress. 

It has been demonstrated (10) that discharge of ACTH from the pituitary is 
followed by an immediate reduction in adrenal ascorbic acid. In the present study, 
depletion of adrenal ascorbic acid in response to histamine stress was employed as 
a method for determining the ability of transplants to discharge ACTH. From 13 to 
54 days after implantation of pituitary tissue the rats were anesthetized with sodium 
pentobarbital and the left adrenal was removed and prepared for an analysis of the 
control level of ascorbic acid; histamine (i.o mg/ioo gm. body weight) was tlien 
injected intravenously and one hour later the right adrenal was removed and 
prepared for the analysis of ascorbic acid. The quantity of ACTH released from 
the transplant in response to histamine is proportional to the degree of depletion of 
adrenal ascorbic acid, as measured by the difference between the concentration in 
the left and right adrenal glands. The details of the method have been presented in 
a previous paper (7). 

In the experiments involving transplants to the eye or spleen the sellar region 
was examined for the presence of residual anterior pituitary tissue. Direct inspection 
of the sella imder 2 times magnification revealed no residual pituitary tissue in any 
instance. Furthermore, hypophyseal tissue was not seen in the serially cut sections 
of the entire region of the sella turcica (stained with hematoxylin and eosin) of 3 of 
the animals with extrasellar grafts (last 3 animals in table i). 

RESULTS 

Of 36 hypophysectomized rats transplanted with pituitary tissue only 13 showed 
histological evidence of the presence of viable glandular cells in the grafts. One rat 
had viable grafts in both the anterior chamber and the spleen. The data for these 
13 animals and for the intact and h3qjophysectomized control rats are presented in 
table I. 

Histology oj the Transplants. In general, transplantation to the anterior chamber 
of the eye was more successful than transplantation to the spleen. The area of im- 
plant in the 23 rats with non-functional grafts was made up entirely of connective 
tissue stroma and cellular debris with no viable glandular cells present. A number 
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of the successful transplants consisted of layers of glandular cells arranged in an arc 
which partially enclosed a mass of connective tissue stroma and cellular debris. A 
few of the grafts consisted of a spherical clump of cells (see fig. i, Icfl). The viable 
areas of the transplants had a moderate number of capillaries. Practically all of the 
glandular cells of the viable transplants were chromophobic; in a few grafts the 
cytoplasm of a small number of cells were weakly basophilic or acidophilic. 

Fwiclional Aclivity of the Transplants. The intraocular and intrasplenic trans- 
plants were incapable of supporting growth. The control rats grew normally through- 
out the e.vperimental period. The completely lij-pophysectomized rats barely main- 
tained their initial body weights with the exception of one which gained weight; in 
this rat, the pituitar}>' was removed at an early age. In the viable transplant group, 
7 rats maintained their original weight. Six rats gained appreciably in weight; but 
in 5 of these, which were operated upon at a 3'oung age, the weight gain was no 
greater than that which occurs in non-transplant animals hj-poph^’sectomized at a 
similar age. In only one rat was the gain in weight (from 92 to 160 gm.) of sufficient 
magnitude to suggest that it resulted from elaboration of growth hormone by the 
pituitary transplant. 

Testicular weights were determined in onlj’- 2 of the 13 transplant rats. Both 
of these animals had atrophic gonads, a fact which indicates the inadequac}’ of the 
pituitary transplants in regard to gonadotrophic hormone activity. 

With the e.xception of one animal with a sellar graft, the rats with pituitar}’' 
transplants were found to have atrophic adrenals (table i). The decrease in weight 
of the adrenals was in most instances as great as that which occurred in the hy- 
pophysectomized animals without pituitary grafts. Following hj'iJophysectomy the 
concentration of adrenal ascorbic acid was markedly reduced in the animals not 
having transplants. The level of adrenal ascorbic acid of the rats with pituitaty 
transplants was intermediate (256 to 452 mg/ioo gm.) between that of the intact 
control rats (383 to 430 mg/ 100 gm.) and tliat of tlie h>’pophysectomized rats witli- 
out transplants (149 to 271 mg/ioo gm.). These data suggest that the functional 
acthdty of the adrenal cortex of hypophysectomized rats with transplants was 
greater than that of hypophysectomized rats without transplants. 

One hour after tlie injection of histamine there was a marked reduction in the 
concentration of adrenal ascorbic acid in tlie control rats (table i). The concentra- 
tion of ascorbic acid in the left adrenal, removed before histamine injection, was 
about twice that in the right adrenal removed one hour after histamine. Neither the 
hypoph)''sectomized animals witliout transplants nor those with non-viable grafts 
responded to histamine with a significant drop in adrenal ascorbic acid. The results 
for the hypophysectomized animals without transplants are presented in table i. 
The average of the differences in concentration of ascorbic acid between the left 
and right glands (left-right) of the animals with non-viable grafts was —10 mg/ioo 
gm. (range -I-22 to —41), i.e., the average concentration of ascorbic acid in the right 
adrenals removed after histamine was greater than that of the left adrenals removed 
before histamine. Of the 13 animals with evidence of viable transplant tissue, n re- 
sponded to histamine with significant decreases in adrenal ascorbic acid. The degree 
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of reduction in adrenal ascorbic acid was variable in this group and in only a few 
instances did the degree of depletion approach that seen in the normal animals. In 


Table i. Discharge oe acth from adenohypophyseal transplants in response to 

HISTASHNE STRESS 


GROUP 

BODY WEIGHT 

ADRE- 

NAL 

^VEIG^T 

TESTES 

WEIGHT 

ADRENAL ASCORBIC 
ACID 

SITE OF TRANS- 
PLANT 

HOMO OR 
AUTO 

initial 

final 

left 

right 

differ- 

ence 

left- 

right 

Control 

75 

60 

62 

192 

194 

230 

200 

190 

170 

gtn. 

270 (46)1 
264 (46) 
276 (46) 

250 (13) 
240 (13) 

298 (14) 
264 (14) 
270 (15) 
210 (15) 

mg. 

28.3 

24.4 
34-8 
27.6 
27.6 
32.0 

29.9 

32.5 

26.9 

gm. 

2.77 

2.71 

2.60 

2.90 

3.00 

2.16 

mg/] 

383 

426 

430 

402 

408 

40s 

422 

388 

425 

00 gm. 

225 

22s 

231 

194 

248 

206 

204 

183 

17s 

issue 

158 

201 

199 

208 

160 

199 

218 

205 

250 




S 3 

72 (siP 

6.4 


183 

204 

—21 




loS 

100 (51) 

8.2 


23s 

230 

5 




160 

154 (13) 

II . 8 

0.89 

271 

297 

—26 



Hypophysecto- 

150 

140 (13) 

17.7 

0.22 

23s 

200 

35 



mized 

172 

170 (14) 

12.8 

0.70 

268 

269 

— I 




164 

145 (14) 

18. 1 

0.56 

158 

152 

6 




152 

140 (is) 

13.8 

0.16 

260 

270 

— 10 




156 

140 (15) 

15-4 

0.71 

149 


2 




92 

160 (21)2 

35-0 


377 

230 

147 

Sella 

Auto 


150 

160 (35) 

14.4 


332 

233 

99 

Sella 

Homo 


136 

140 (36) 

15-7 


256 

181 

75 

Spleen 

Homo 


128 

130 (27) 

14.8 


337 

127 

210 

Chamber 

Homo 


124 

130 (40) 

12.8 


435 

364 

71 

Sella 

Homo 


48 

82 (54) 

6.1 


372 

294 

78 

Chamber 

Homo 

Transplant 

S8 

80 (54) 

5-9 


263 

238 

25 

Chamber 

Auto 


50 

84 (54) 

7-9 


317 

276 

41 

Spleen 

Auto 


200 

200 (13) 

22.0 


315 

230 

85 

Chamber 

Auto 


52 

92 (54) 

8.4 


345 

207 

138 

Chamber 

Homo 


171 

171 (13) 

14.2 


289 

235 

51 

Chamber 

Auto 


194 

190 (13) 

I 5 -I 

1-34 

302 

239 

63 

Chamber 

Auto 


51 

70 (32) 

13.6 

0.14 

452 

329 

123 

Chamber + 

Auto 









Spleen 

Homo 


1 Figures in parentheses denote number of days elapsed between measurements of initial and final 
body weights. 


= Figures in parentheses denote number of days elapsed between operation or implantation and 
autopsy. 

two of the 13 animals the decreases in adrenal ascorbic acid (25 and 41 mg/ioo gm.) 
cannot be considered significant. 
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DISCUSSION' 

Harris (8) has presented three criteria for the adequate study of pituitary trans- 
plants. He states, “First, the grafted tissue should be situated at a distance from 
the normal site of the gland thus obviating the danger of vascular or nervous repair; 
second, the studies should be extended over a period sufficient to ensure that any 
effects observed are due to functional activity of the transplant, and not to absorp- 
tion of an implant; and third, serial sections through both the transplant and sella 
turcica with surrounding tissue are necessary to control the activity of the graft and 
the complete removal of the pituitary.” In the present study all 3 criteria have been 
fulfilled in 3 of the animals with transplants. Complete serial section of the sellar 
region in these 3 rats failed to reveal adenohypophyseal tissue. In the other animals 
with viable transplants, the sellar region was examined only grossly and not micro- 
scopically; no residual pituitar}' tissue was observed. Despite the lack of serial 
sections in these rats, it appears most unlikely that the reduction of adrenal ascorbic 
acid was due to the release of ACTH from residual tissue in the sella turcica, because 
all hypophysectomized animals without transplants and all those with non-viable 
transplants failed to show a significant reduction in adrenal ascorbic acid in response 
to acute stress. Therefore, it would seem to be reasonably certain that the depletion 
of adrenal ascorbic acid in the animals with viable transplants was due to the dis- 
charge of ACTH from such transplants. 

In every animal the period of time elapsed between the transplantation and the 
testing of functional activity of the graft was sufficiently long to eliminate simple 
absorption of the ACTH originally present in the transplant as a factor influencing 
the results of this stud3^ A single injection of ACTH in doses much larger than the 
amount stored in the rat pituitary has an action which lasts but a few hours (10). 
It is extremely unlikely that the transplant acted as an inert depot of ACTH whicli 
released the trophin at an accelerated rate in response to stress. Furthermore, non- 
viable grafts showed no evidence of adrenocorticotrophic activity. 

The weights of the adrenals of the animals with transplants were about equal 
to those of the adrenals of hypophysectomized rats without transplants. However, 
the pre-stress adrenal ascorbic acid values suggest that the viable grafts exerted 
some trophic action on the adrenals during the period between implantation of 
pituitary tissue and injection of histamine. The lack of maintenance of adrenal 
weight in the animals with transplants could conceivably be explained on the basis 
of an inadequacy of adrenocorticotrophic function of the graft. However, the authors 
are not inclined to favor this explanation because the graft had a store of ACTH 
which could be rapidly released in response to an acute stress. A more likel3’-e.xplana- 
tion for the reduction in adrenal weight is that it represents a partial atroph)’- asso- 
ciated with a decrease in the requirement for cortical steroids in animals witli lowered 
metabolic rates resulting from thyroid atrophy. Unfortunately thj'^roid function was 
not examined in our animals, but Cutuly (4) has demonstrated tliat thyroid atrophy 
does occur in rats with intraocular transplants of pituitary tissue. Evidence that a 
reduction in metabolic activity decreases the requirement for adrenal cortical hor- 
mones has been presented by Sayers and Sayers (10). 

In response to equal doses of histamine, a greater quantity of ACTH was dis- 
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charged from the intact pituitary than from the pituitary graft, as measured by the 
adrenal ascorbic acid-depletion method. The most reasonable explanation for this 
quantitative difference in ACTH discharge is that the amount of viable tissue in the 
transplant was in all instances less than one-twentieth the normal mass of the ante- 
rior pituitary. Furthermore, the rate of exit of ACTH from the graft may be limited 
by the nature of its blood supply. The possibility cannot be ruled out, however, 
that removal of the pituitary from its normal site may have resulted in the loss of 
regulatory influences from the h)T)othalamus. Also, a reduction in sensitivity of the 
target gland to ACTH must be considered as a factor influencing the decreased re- 
sponse of the adrenal to stress. The metabolic activity of the adrenal cortex, like 
that of other tissues of the organism, may have been reduced. Even if the same 
quantity of ACTH had been discharged from the transplanted pituitary as from the 
intact pituitary, it might have exerted less influence because of the decreased re- 
sponsiveness of the adrenal gland. 



Fig. 1. Lefl: Cross section of eye of rat with viable transplant. The cornea and anterior 
chamber are on the right. The dark-staining, dome-shaped mass projecting into the anterior chamber 
is the pituitary transplant. Rig/il: Photomicrograph under high power magnification of a typical 
area of the viable pituitarj' transplant shown at the left. 

The complexity of adenohypophyseal physiology precludes a definite answer to 
the question why the transplants were apparently less efficient than the normal 
pituitary. However, the data conclusively demonstrate that neural connections or a 
portal venous system between the hypothalamus and the pituitary are not necessary 
for the prompt discharge of ACTH in response to stress. Evidence that a humoral 
mechanism regulates pituitary adrenocorticotrophic activity has been presented by 
Sayers and Sayers (ii) who demonstrated that pretreatment of rats with adrenal 
cortical hormone prevents the discharge of ACTH which normally follows stress. 
The experimental results have been interpreted to mean that the rate of discharge 
of ACTH from the pituitary is inversely proportional to the level of adrenal cortical 
steroids in the body fluids. Stress initiates a release of ACTH by increasing the rate 
of utilization of adrenal cortical hormone in the organism. This release occurs from 
auto- and homo-transplants without neural or portal venous connections to the 
hypothalamus as well as from the normal pituitary in silu. 

Since this manuscript was prepared for publication Dr. Claude Fortier has in- 
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formed the authors that he has obtained results in conformity with those presented 
above. 


smmARY 

Intraocular and intrasplenic grafts of adenohj^iophyscal tissue in hypophy- 
sectomized rats promptly discharge adrenocorticotrophic hormone (ACTH) in re- 
sponse to histamine stress. The amount of ACTH released is less than that released 
by the adenohypophyses of intact control rats given the same dose of histamine; 
this difference is most likely accounted for by the small quantity of surviving pituitar}’’ 
tissue in the transplants. Other possible explanations are presented. The results have 
been interpreted to mean that neural or vascular connections between the hypo- 
thalamus and the anterior pituitar>' are not essential for the immediate discharge of 
ACTH in acute stress. 

The authors acknowledge the assistance of Margaret Dobbin in the preparation of the tissue 
sections. 
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ADRENOCORTICOTROPHIC EFFECT OF STRESS AFTER 
SEVERANCE OF THE HYPOTHALAMO-HYPOPHYSEAL 

PATHWAYS 

CLAUDE FORTIERS and HANS SELYE 
From the InstiUtl de Medicine et de Chirnrgie experimentaks, Universite de Montreal 

MONTREAL, CANADA 

T he various morphological (1-5) and chemical (6-1 1) alterations of the 
adrenal cortex, which are observed to follow exposure to stress, constitute 
adequate evidence of an increased release of pituitary adrenocorticotrophic 
hormone. Still more direct proof of this process has recently been furnished (12, 13) 
through the demonstration of a marked depletion in the corticotrophin content of the 
pituitary, as judged by bioassay, in animals which had been exposed to noxious 
stimuli. Regarding the mechanism underlying this stress-induced liberation of cortico- 
trophin, there is disagreement between the proponents of a direct humoral (8-14) and 
of an indirect neural or neurohumoral (15, 16) theory of mediation. 

In relation to the latter possibility, the few published reports of the adrenal 
response to stress after severance of the hypothalamo-hypophyseal pathways, have 
yielded somewhat conflictmg and inconclusive results. This is partly due to the tech- 
nical difficulty inherent in transplanting the pituitary or transecting its stalk, and 
partly to the lack of a sensitive and reliable index of corticotrophic function. Such an 
index is now available, and "we have taken advantage of the Sayers adrenal ascorbic 
acid test (17) to further elucidate this problem. 

EXPERIMENT A. ADRENAL RESPONSE TO STRESS AETER PARTIAL HYPOPHYSECTOMY 

Makrials and Methods. Twenty-four male piebald rats, averaging 150 gm. in 
weight, were divided into three groups. The animals of Group I served as controls, 
those of Group II were hypophysectomized, by the parapharyngeal approach, while in 
Group III, a partial h}q)ophysectomy was performed. In the latter operation, the 
rostral part of the anterior lobe and the ’whole posterior lobe were aspirated through a 
very fine cannula, thus severing all connections of the remaining part of the gland 
with the floor of the 3rd ventricle. Forty-eight hours after the operation, the animals 
of all three groups were submitted to unilateral (left) adrenalectomy under light ether 
anesthesia, exposed to cold (o°C) for one hour, and then killed by bleeding. The right 
adrenal was removed immediately tliereafter and both glands were dissected free of 
adherent fat and connective tissue, weighed and ground in 8 cc. of 4 per cent tri- 
chloracetic acid for ascorbic acid determination (method of Roe and Kuether, 18). 
The completeness of the hypophysectomy in Gro 7 ip II, as well as the state of the 
hypophyseal remnant in Group III, was checked through careful examination of the 
sellar region with a 5 X magnifying glass. 

Received for publication July 26, 1949. 
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Results. Table i compares the ascorbic acid concentration of the left (removed 
before exposure to stress) and right (removed after killing) adrenals, the difference in 
concentration being considered as a quantitative index of corticotrophic stimulation. 
In the control animals {Group I), a marked decrease in the adrenal ascorbic acid con- 
centration is observed as a combined effect of the surgical intervention (adrenalec- 
tomy) and exposure to cold. No such decrease is evidenced in the completely hypo- 
physectomized animals {Group II). On the other hand, partial hypophysectomy, with 
the associated severance of the hypothalamo-hj’pophyseal pathways, did not prevent 
the occurrence of a stress-induced ascorbic acid discharge {Group III). Indeed, the 
latter did not differ significantly from that observed in the controls. It is of interest 
that the ascorbic acid concentration of the left adrenal is markedly higher, both in the 
completely and in the partially hjqDophysectomized animals than in normal controls. 


Table i. Adrenal ascorbic acid concentration before and after surgical trauma and 

EXPOSURE TO COLD IN NORMAL, PARTIALLY IIYPOPliySECTOMIZED AND 
COMPLETELY IIYPOPHYSECTOiUZED ANIiLVLS 



NUM* 


ASCORBIC Aan 

ASCORBIC ACID 





GROUP 

BER OP 
ANI- 

TREATMENT ^ 

LEFT adrenal* 
(mg/ioo rag 

RlCnr ADRENAL* 
(mg/too mg 

D* 


D« 



HALS 


(adrenal tissue) 

(adrenal tissue) 





I 


None 

0.449 ± 0.018 

0.353 ifc 0.014 

1 

p 

M 

0 

H- 

0.025 

% 

22.2 ib 

S-i 

II 

6 

Complete hypo- 

0.536 ± 0.014 

0.561 it: 0.053 

-1-0.025 db 

0.050 

S-S ± 

II. 2 



physectomy 







III 

8 

Partial hj^pophys- 

0.541 db 0.029 

0.44s db 0.021 

—0.105 it: 

0.031 

17.8 ib 

S-3 



ectomy 








1 Removed prior to surgical trauma and exposure to cold. * Removed after killing. ’ Dif- 
ference between pre-stress {Icji) and post-stress {right) adrenal ascorbic acid levels. * Calcu- 

T .. j 1 j j (L. adren. asc. ac. cone. — R. adren. asc. ac. cone.) X 100 

lated by the formula; — — 

L. Adren. asc. ac. cone. 

This is in agreement with the observation of an initial rise in the adrenal ascorbic 
acid level after hypophysectomy (19), 

EXPERIMENT B. ADRENAL RESPONSE TO STRESS APTER PITUITARY TRANSPL.ANT.ATION 

IN THE HYPOPHYSECTOMIZED ANBIAL 

Materials and Methods. Twenty-four male piebald rats of an average initial 
weight of 140 gm. were used in this experiment. Six animals served as controls {Group 
I). In the others the pituitary was transplanted by the following technique: The 
whole anterior lobe of the pituitary of a freshly killed animal of the same sex and 
weight was carefully aspirated into the bore of a no. 18 spinal puncture needle. The 
needle was inserted into the anterior chamber of the eye through a meridional slit 
previously made in the cornea, care being taken to prevent herniation of the iris 
through the slit. The gland was then deposited by pushing in the plunger of the 
needle. The animals were hypophysectomized 24 hours later. At the end of 4 weeks, 
they were submitted (as in the first experiment) to a left adrenalectomy, followed by 
exposure to cold (0° C.) during one hour, after which they were killed. Ascorbic acid 
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^Yas determined in both adrenals in the manner previously described. The graft- 
containing eye was removed, its posterior half cut away and the remaining portion 
fixed in Zenker-formol. The pituitaries of the normal controls and the sellar regions 
of the hypophysectomized animals were similarly fixed, the latter prior to decal- 
cification. The testes and seminal vesicles were fixed in Bouin’s fluid. Zenker-fixed 
material was sectioned at 7 ^ and stained with Mallory’s triple stain or with Masson’s 
modified trichrome. Other tissues were cut at 5 ja and stained with H and E. Com- 
pleteness of the hypophysectomy was ascertained by microscopic examination of 
serial sections of the sellar region. 


Table 2. Adeenal ascorbic acid concentration before and after surgical trauma and 

EXPOSURE TO cold IN NORMAL ANIMALS AND IN HYPOPHYSECTOMIZED BEARERS OF 

OCULAR PITUITARY IMPLANT 


GROUP 

TREATMENT 

ANIMALS 

ASCORBIC ACID 
LEFT ADRENAL* 

(mg/ioo mB- 
adrenal tissue) 

ASCORBIC ACID 
RIGHT ADRENAL* 

(mg/ioo mg. 
adrenal tissue) 

DJ 

D* 








1 

1 

% 

/ 

None 

Average 

0.334 ± 0.027 

0.233 d= o.ori 

— 0. Ill 

± 

0.028 

32,2 ±8.1 



of 6 







II 

Hypophysec- 

A 

0-385 

0.342 

0 
6 

1 



II. I 

i 

tomy -t- pi- 
tuitary im- 
plantation 

i 

1 

1 

B 

0.280 

O.I 7 S 

— o.ios 



37.S 



C 

0.653 

0.443 

—0. 210 



32.2 



D 

0-357 

0.222 

-0.135 



37.8 



Average 

0.419 ± 0.081 

0.296 ± 0.061 

—0.123 

± 

0.035 

29.6 ± 8.3 



of 4 








’Removed prior to surgical trauma and exposure to cold. * Removed after killing. ® Dif- 
ference between left and right adrenal ascorbic acid levels. * Calculated by the formula: 
(L. adren. asc. ac. cone. — R. adren. asc. ac. cone.) X 100 


L. adren. asc. ac. cone. 

Results. Of the 18 experimental animals, five were lost before the termination of 
the experiment and nine were discarded, either because of the unsatisfactory state 
of the transplant, or because pituitary remnants were found in the course of the 
microscopic examination of the sella turcica. Four animals remained which met both 
requirements, i.e. adequate state of the transplant and ascertained completeness of 
hypophysectomy. 

Adrenal ascorbic acid. The adrenal ascorbic acid concentrations in both groups, 
prior to and after exposure to stress, are listed in table 2. Here we denervated the 
pituitary through another technique and yet all the experimental animals again 
showed a stress-induced loss of adrenal ascorbic acid. The average discharge, rep- 
resenting 29.6 per cent of the initial (left adrenal) level, did not differ significantly 
from the corresponding value of 32.2 per cent observed in the controls. 

Weight changes. A slight decrease in body weight was noted in the first days 
after hypophysectomy. This was followed b}*- a gradual return to the initial level by 
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the end of the experimental period. None of the grafted animals evidenced any actual 
increase above the initial level. The organ weights (table 3) showed a wide range of 
variability. While 3 of the experimental animals presented a marked atrophy of the 
adrenals, testes and seminal vesicles, with a slighter decrease in thymus weight, a 
fourth one (rat II C), the bearer of a particularly well differentiated pituitary trans- 
plant, did not show any atrophy of the above-mentioned organs. 

Histology, The ocular implants were found attached to the iris, close to the cil- 
iary margin. One implant {rat II A) had been almost comi)letely replaced by con- 
nective tissue. Interesting!}’-, this corresponded to the lowest (11.05%) adrenal 
ascorbic acid discharge. The others were well maintained and showed typical nest for- 
mations surrounded by narrow capillary sinuses containing erythroc}’tes (figs. 1-3). 
Differential staining showed a great predominance of unusually large chromophobe 
elements, occasional clusters of sparsely granulated eosinophiles and rare hypo- 
chromophil cells, whose identity could not be ascertained. Well characterized baso- 


Table 3. Organ vrEiGurs* 28 days after jiYPOPnvsECxoxrY and pituitary transplantation 


GROUP 

TREATMENT 

ANIMALS 

ADRENALS 

rnruus 

TESTES 

SEMINAL 

VESICLES 

I 

None 


13.9 ± 0.05 

232 db 9 

1504 dz Ss 

iSo rfc 29 

11 

Hypophysectomy -p 


7.2 

223 

341 

SS 


pituitary implanta- 
tion 

B 

6,2 

2x6 

342 

76 



c 

10.3 

220 

1727 

194 




4.9 

I 2 I 

167 

25 




7.1 ± 1.2 

195 ± 25 

644 ±362 

87 ± 37 


Weights are expressed in mg/ioo gm. of body weight. 


phils could not be demonstrated. The testes and seminal vesicles of one animal {rat 
II C) were well maintained and presented a normal histological structure. The others 
showed various degrees of involution of the tubular and interstitial elements. 

DISCUSSION 

In regard to some of its trophic functions, the anterior pituitary may evidence 
a basic rhythm of secretory activity even after separation from the overlying nervous 
centers. This is probably controlled through purely hormonal means but nevertheless 
seems to require the integrity of nervous connections for finer adjustments to en- 
vironmental changes (20). Sucli appears to be tlie case for its thyrotrophic (21-23) 
and gonadotrophic (16, 24-26) functions, but there is no conclusive evidence to prove 
a nervous regulation of corticotrophin secretion. Several authors (22, 27, 28) found 
that the adrenal cortex remains normal in weight and histological appearance after 
pituitary-stalk section in the rat. Moreover, both in the rat (22) and in tlie dog (29) 
this operation failed to prevent the adrenal cortical hypertrophy which normally 
follows upon exposure to cold, in particular (22, 29), or stress in general (29a). 
Differing accounts have been given regarding the effect upon the adrenal of h}’po- 
physeal transplantation after hypophysectomy. Hill and Gardner, 1936 (30), work- 
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ing with mice found no adrenal atrophy 47 months after this intervention. Essen- 
tially similar findings have been obtained in the guinea-pig (31, 32) and rat (33)- 
However, Cutuly, 1941 (34), experimenting with sellar and ocular transplants in 
the hypophysectomized rat noted that only sellar grafts were adrenotrophic, while 



1 J.--' -ir. rl l 



Fig. I. Low POWER PHOTOJiiCROGRAPii showing intraocular pituitary transplant and its attach- 
ment to iris (x 50). 

Fig. 2. Same pituitary transplant under higher magnification. Note predominance of chromo- 
phoble elements and presence of erythrocytes in narrow capillary sinuses (x 225). 

^[Fig. 3. Normal pituitary tissue (x 225). 


Schweizer el al, 1940 (35), in a later publication containing the only available 
quantitative data on the subject, report a very marked adrenal atrophy after ocular 
pituitar}^ grafting in the guinea pig. Unfortunately, in these studies,' the morpho- 
logical state of the adrenals was the only criterion of corticotrophic function. Our 
observation of adrenal atrophy concurrent with a stress-induced ascorbic-acid dis- 
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charge suggests tliat this is a somewhat inadequate index. Tlic above two experi- 
ments sliow tliat such a discharge can still occur after complete severance of the 
pituitary from the diencephalic centers. 'J'his seems to exclude these centers as the 
necessary activators of the hypophy.seal corlicotrophic function and lends indirect 
support to the humoral theory. Yet it is possible that direct neural stimuli may also 
cause a corticotrophin discharge. Tlicre arc no exi>erimcnlal data to support this 
view, although some clinical observations (36-39) seem to suggest it. 

SUMAtARY 

In rats, severance of the hypothalamo-hypophyscal jiathways was obtained in 
one e.xperiment through partial Inqiophysectomy and in another, through jiituitary 
homotransplantation into the anterior chamber of the eye. .After these interventions, 
a significant discharge of adrenal ascorbic acid was still observed to result from sur- 
gical trauma and exposure to cold. It is concluded that the stimulation of corlico- 
trophin release by cold or surgical trauma is not necessarih' mediated through nervous 
pathways.- 

This investigation was supported liy a research grant from tlie National ITcarL Institute, U. S. 
Public Health Service. The authors gratefully acknowledge the surgical assistance of Drs. L. Poirier 
and P. Constantinidcs, the liistological iissistance of Drs. .M. Herlant and P. S. Timiras and the 
technical help of K. Nielsen anti P. Seguin. 
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NORADRENALIN-LIKE SUBSTANCE IN BLOOD 
DEMONSTRATION BY CROSS-CIRCUXATION 
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« 

CLEVELAND, OHIO 

T here is evidence that vasoconstrictor substances appear in the blood 
of shocked animals (i) but it has not been determined whether or not these 
have vasopressor as well as constrictor effects. In normal animals and man, 
pressor substances in blood are occasionally encountered (2) but their function and 
the circumstances of their appearance are unknown. Clearly this inadequately studied 
field requires further investigation. It is die purpose of this work to ascertain by 
means of cross-circulation studies in dogs the occurrence of pressor substances after 
a variety of experimental procedures. 

Since cross-circulation and perfusion experiments have been widely used to 
solve important problems, especially those in hemodynamics, a study of changes 
in the pressor properties of the cross-circulating blood has seemed overdue. Our 
results amply demonstrate that changes of great intensity may occur which would 
alter the results of supplemental experimentation. We have been unable to find 
reports of cross-circulation experiments in the literature in which this has been given 
adequate consideration. 

The appearance of serotonin, the cr>'stalline vasoconstrictor and vasopressor 
substance appearing in blood when it clots (3), could not be entirely avoided in all 
experiments, especially those in which a variety of operations had been performed. 
There is no doubt that small or even large clots could occur undetected in either of 
the animals in the cross-circulation circuit. To minimize them, large doses of heparin 
were repeatedly given during the course of most of the e.xperiments. Despite this, 
serotonin might have contributed something to the vasoconstrictor and vasopressor 
action of some of the blood. 

As our experiments show, another pressor substance appeared not only in 
shocked animals but in those subjected to a variet}'- of operative traumata without 
overt shock. However, it was not limited to these, occurring also sporadically for 
short times in normal anesthetized (pentobarbital) or unanesthetized dogs. The 
results further show that the substance is neither renin nor angiotonin from the 
kidneys, adrenalin from the adrenal glands or serotonin associated with coagulation 
of blood. The evidence suggests it to be a noradrenalin-like substance, if not nor- 
adrenalin itself. This question cannot be finally settled at present, despite the strongly 
suggestive pharmacological evidence. 


METHODS 

Intravenous pentobarbital anesthesia was employed in most experiments. In some, anestliesia 
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was not necessary, especially tliose in which hepatectomy or adrenalectomy had been performed 
and those in which the cord had been destroyed. 

Blood pressure was recorded on kymographs from mercury manometers connected to the 
femoral arteries. The dogs were heparinized to prevent blood coagulation and heparin solution was 
used in the plastic tubing which connected the venous circulation of the two dogs. Cross-circulation 
was performed by 50 cc. S3Tinges inserted into a circuit connecting the jugular with the femoral 
veins. The withdrawal and reinfusion of blood were kept equal and consisted of the crossing of from 
600 to 1000 cc. 

Wc have tried pumps of the rotary’ squeegee type but found much hemolysis due to rupture 
of the cells. Further, we avoided arterial circuits because of their disturbing influence on blood pres- 
sure. The hand method proved satisfactory for our purposes, tliough it required two people to con- 
duct it. 

The operative procedures were all performed under sterile conditions. Bilateral ncphrectomj- 
was done a da.v or more before the experiment, and cord destruction from Cc caudad also a day or 
two before. On the day of the e.xperiment, the carotid sinus was inactiv'ated and the vagus nerves 
cut. Hepatectomy was performed by the method of Firor and Stinson (4) usually two or three hours 
before the experiment. Treatment of these animals followed the usual procedure as developed in the 
classic work of Frank Mann. Hypertension was produced bj' the silk perinephritis metliod of Page (5). 

It should be emphasized that except when tlie persistence in the circulation of a substance was 
under study, nothing was given which might interfere with the elTects of the cross-circulation itself. 

Dibenamine* was given in doses from 10 to 20 mg/kg. bod\' weight and priscol i to 5 mg/kg. 
.\drenalin as a test substance was given into the femoral vein in a total dose of o.oor mg. in 0.2 cc. 
saline, and D-L-noradrenalin 0.04 mg. Tctraethylammonium chloride (TE. 4 ) was given in doses 
of 10 mg/kg. body weight. Scalding was done under deep pentobarbital anesthesia as we have de- 
scribed before (6). Tourniquets were placed on both hind legs and kept on for 2 to 4 hours. These 
were pulled as tightly as possible by hand, but were not completely occluding since great swelling 
of the limb occurred below tlie tourniquets. Renin was prepared by the method of Helraer and Page 
(7) and diluted to a point at which o.i cc. gave a rise of 40 mm. Hg in a normal dog under pento- 
barbital anesthesia. 

In the tables, the data left of the vertical dividing line are those derived from dogs subjected 
to a variety of experimental surgical procedures, while those on the right are from tlie 'indicator’ 
or ‘test’ dog. We have tended to call the first the donor dog and the opposite partner the ‘indicator’ 
or ‘test’ animal, although cross-transfusion was equal in both directions. For convenience, we shall, 
for example, use the abbreviated but grammatically peculiar expression, ‘cord destruction-carotid 
sinus inactivation-nephrectomy to nephrectomy’, meaning that the spinal cord was destro3'’ed in 
one dog from Cc caudad, the carotid sinus tied off, the vagus nerves cut and bilateral nephrcctom3' 
performed one or two days before, and this dog was cross-transfused with another subjected to neph- 
rectomy. 


Rcsillls of Cross-Circulation 

Normal io normal. Seven experiments were made in which up to 5 liters of blood 
were crossed (table i, ex^er. 432). No effect was usually observ’^ed on either dog’s 
blood pressure, though occasionally a moderate rise or fall occurred, especially if 
the arterial pressure of one of the dogs had fallen. TEA injection may aid in enhancing 
what might have been small responses. 

Nor?nal io nephrectomy. Since dogs nephrectomized a day or two before the 
experiment usually exhibited heightened sensitivity to chemical stimuli, 9 experi- 
ments were done to determine whether or not nephrectomy augmented the action 
of any vasoactive substances which might be transferred by cross-transfusion (table 
I, exper. 544). 

1 We are indebted to Dr. William M. Swain (Smith, Kline & French Laboratories) for the 
dibenamine, to Dr. Frederick Yonkman (Ciba Pharmaceutical Products) for the Priscol, and to 
Dr. R. C. Pogge and Mr. Z. M. Gibson (Merck & Co.) for the benzodioxane. 
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Except in occasional cases, the normal animals showed no rise in blood pressure 
while tlie nephrectomized ones usually did, especially after the first cross transfusion, 
even though the blood pressure of the normal donor v.’as not reduced. As will be 
shown later, pressor substance tends to appear in tlie blood if h\q5otension or shock 
occurs. 

Spicncclomy-rcscclion and anastomosis of jejunum; temporary clamping vena cava 
and portal vein to nephrectomy. It seemed desirable early in the investigation to 
ascertain whether extensive surgical operations as such would influence the results. 
Fourteen experiments were done in which the spleen was removed, about 2 feet of 
jejunum removed and an end to end anastomosis performed, and finally the vena 
cava and portal veins clamped for 3 minutes. The assumption is made that these 
procedures were traumatizing but not highly specific, which may not be true. When 
splenectomy was omitted, the results were not different. These consisted of a quite 
regular pressor response of the indicator nephrectomized dog with little in the trauma- 
tized donor dog (table i, exper. yoi). Large doses of TEA often seemed to augment 
the response. 

Nephrectomy-adrenalectomy to nephrectomy. Pressor responses occurred fairly 
regularly in the nephrectomized indicator dog in 26 of the 27 experiments, demon- 
strating tliat the adrenal glands are not the sole, if indeed, an important source of the 
pressor agent. It was repeatedly noted that, contrar}* to experiments in which the 
conditions were less drastic, blood from the nephrectomized animal usually gave a 
depressor response in the nephrcctomized-adrenalectomized dogs. 

In the e.xperiment used to illustrate this group (table i, exper. 633), after three 
cross-transfusions, two of which gave rises in arterial pressure, another nephrec- 
tomized dog was substituted for the original indicator animal. Possibly this ma)’’ have 
- aided in keeping up the good responses. But it does not follow that the fresh indicator 
animal was necessary for the maintenance of response, as other experiments show 
that gradual loss of responsiveness may more probably be due to exhaustion of 
pressor substance in the donor rather than lack of responsiveness of the recipient. 
Administration of TEA after the response to the cross-circulation was lost, aug- 
mented twofold, at least, the response to injected adrenalin; but cross-circulation 
still gave little or no response. 

Crossing of 600 cc. of blood from a nephrectomized-adrenalectomized dog 
into a nephrectomized animal resulted in a rise, for example, in one case, of 66 mm. 
Hg in the recipient and no change or a fall in the donor, when the arterial pressure 
in the donor was of the order of 50 to So mm. Hg. This is not imusual in such severely 
traumatized animals. Repeating the cross-circulation three or four times resulted in 
progressive loss of recipient response until none occurred. Injection of renin at this 
point showed the animal to be responsive to it. Tacliyphylaxis to renin had thus not 
occurred, which is what might be expected from blood of a nephrectomized donor 
unless renin from some other source than tlie kidneys was present. 

Such experiments as these suggest that the main source of the pressor substance 
is neither the kidneys nor the adrenal glands, and that repeated cross-circulation 
can either exhaust or dilute the pressor substance sufficiently so that it wiU fail to 
elicit a response in the recipient. 



Table i. Examples or cross-circulation experiments. Response of arterial pressure in mm, 
HG TO adrenalin, TEA AND CROSS-CIRCULATION 


experimental dog 


INDICATOR DOG 


Adrenalin 

TEA 

B.P. 

Amt. of ! 
blood 
crossed* 

Response, 
mm. Hg 

Adrenalin 

TEA 

B.P. 

Response, 
mm. Hg 

Exper. 432 


Normal 




N 

'ormal 




148 

540 

0 



106 

0 



120 

1540 

0 



no 

0 


-70 

114 








-8 

58 

20S0 

0 



104 

0 







— 28-I-48 

102 




80 

2620 

0 


+98 

62 

34 



88 

3160 

0 



60 

0 



104 

3700 

28 



88 

0 



128 

4240 

18 



96 

0 



144 

4780 

0 



94 

1 ° 

Exper. 544 


Norma 




Nepi 

irectomy 


10 


138 

600 

0 

42 


108 

54 

14 


130 

1200 

0 

26 


86 

28 

18 


114 

1800 

0 

10 


146 

14 

14 


II 2 

3300 

8 

42 i 



3 -' 

26 


126 

3900 

0 

64 1 

1 

90 

0 

Exper. 501 

Neplti 

■ectomy-Spl 

eneclomy 



Nephrectomy 


6 


102 

600 

0 

60 


154 

40 



5(5 

1200 

0 



142 

62 

10 


60 

1800 

0 



160 

40 


i 

78 

2400 

0 



180 

SO 



82 

3000 

0 


i 

20S 

42 


1 

1 

86 

3600 

0 



15(5 

24 



98 

4200 

8 



160 

8 







168 

172 

— 



100 

4S00 

0 

194 


136 

44 

Exper. 633 



1 






Nephrectoi 

my-Adreitaleclomy-Bum 


Nepi 

'irectomy 


8 


154 

600 

1 

-24 

20 


64 

-8 

12 


150 

1200 

10 

14 


66 

18 



152 

1800 

-34 

24 


94 

34 



Changed to Another 

Nephrectomy 

bed Dog 






84 

600 

0 

42 


166 

38 



98 

1200 

0 



188 

8 



80 

1800 

0 

48 


170 

24 



50 

2400 

0 



176 

26 



20 

3000 

0 



194 

36 

Exper. 48c 

y Neph 

■ectomy-Eej 

latectomy 



Nepi 

hrectomy 




118 

600 

14 



124 

30 



122 

1200 

0 



146 

0 



122 

iSoo 

0 



120 

34 



no 

2400 

0 



140 

10 







+8—44 









+6—12 

114 




98 

3000 

-50 


-S 

106 

32 



134 

4200 

0 



144 

38 


' This represents total blood cross-circulated rather than each individual cross-circulation. 
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Hepatcclomy io normal . The only thing noteworthy about these five experiments 
was that in one half the cross-circulations, blood from the normal dogs caused a 
sharp fall in blood pressure of the hepatcctomizcd dogs. In only one normal dog, 
after large doses of TEA was a questionable rise in arterial pressure observed after 
cross-circulation. 

N cphrcctomy-hcpalcctomy io normal. Except toward the end of the experiments, 
little or no pressor responses were obser\'cd. As the e.xperiment progressed, either 
dog might exhibit elevation of pressure on cross-circulation, but such changes were 
not large and were irregular. 

Ncphrcciomy-hcpatcciomy to nephrectomy. In 15 e.xperiments, cross-circulation 
from nephrectomized-hepatectomized dogs into animals nephrectomized one or two 
days before caused rises in blood pressure chiefly in the nephrectomized indicator 
dog. Often the nephrectomized-hepatectomized dog also exhibited pressor responses, 
especially toward the end of the experiment (for example table 2, exper. 420). TEA 
administration did not cause the appearance of pressor responses when they had 
not been there previously. The results show clearly that neither the liver nor kidneys 
are necessary for the pressor responses to appear on cross-circulation witli a nephrec- 
tomized dog. Indeed, in these experiments, the responses in general appear to be some- 
what greater than when the liver is intact, though this cannot be considered proved. 

Nephrectomy-hepatectomy io hepatectomy. No striking responses were seen in 
either dog on cross-circulation in the one e-xperiment which was satisfactory. 

Hepatectomy to nephrectomy. Large pressor responses were observ^ed in 3 experi- 
ments in the nephrectomized dogs and little or none in the hepatectomized animals. 

Cord destruction-carotid sinus inactivaiion-ncphrcciomy-dibcnaminc io nephrec- 
tomy. Enough dibenamine was given to 15 animals highly sensitized by cord de- 
struction and carotid sinus inactivation, to reverse the adrenalin response but not 
the response to noradrenalin. Cross-circulation from the nephrectomized dogs still 
produced a rise in pressure in the sensitized dogs and often a fall in the nephrecto- 
mized animals (table 3, exper. '^go] also fig. 2). If enough priscol was also given to 
reduce or abolish the response to noradrenalin, the pressor response from cross- 
circulation appeared to be reduced or abolished in parallel fashion (table 3, exper. 
801). Normal dogs used as donors also caused marked pressor responses (table 3, 
exper. yyS) even when the adrenalin pressor response was abolished. 

Cord destruction-carotid sinus inaciimtion-ncphrecto7ny to nephrectomy-hepalec- 
tomy. In none of the 4 satisfactory experiments did cross-circulation cause a rise of 
pressure in the nephrectomized-hepatectomized donor, but all of the sensitized 
recipients exhibited significant elevation of pressure. The rise was not abolished when 
the pressor response of adrenalin was reversed by priscol, but was reduced or abol- 
ished when the noradrenalin response was sharply curtailed by injection of both 
priscol and dibenamine (table 3, exper. 827). 

Cord destruction-carotid sinus inaclivaiion-nephrectomy to hepatectomy-nephrec- 
iomy-adrenaleciomy-spleneciomy. No pressor action was observed dming cross-circula- 
tion in the dogs with liver, adrenal glands, kidneys and spleen removed. But in the 
4 sensitized animals, the responses were clearly pressor (table 3, exper. 5 ’jp). 

Scald-nephrecio 7 ny to nephrectomy. Cross-circulation of nephrectomized-scalded 
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dogs with nephrectomized animals did not produce' a rise in arterial pressure in any 
of the 9 experiments in the donor, while the nephrectomized indicator dog usually 
exhibited significant and repeated rises. About a quarter of the cross-circulations 
indeed produced a fall in arterial pressure in the scalded animals. Even when a nor- 
mal dog was substituted for the nephrectomized one as indicator, pressor responses 
were still obtained and showed no signs of developing tachyphylaxis (table 3, exper. 
662). 


Table 2. Cross-circulation of nephrectomizeo-iiepatectomized dog with a nephrectomized 

DOG {Experiment 420) 


KEPIIRECTOMY-nEPATECTOMY 


NEPHRECTOMY 


Adrenalin 

Renin 

TEA 

B.P. 

Amt. 

Crossed 

Response 

Renin 

TEA 

B.P. 

Response 






mm . Ilg 




! 


52 


152 







20 

0 


180 

900 

0 



140 

64 

22 


-72 

162 



1 






-6 

1 14 








20 

0 

116 






1 

62 

0 


124 

1440 

0 



170 

20 


0 

0 

120 

1980 

0 



iSo 

12 


0 

0 

134 

2880 

0 



186 

14 




136 

3420 

0 

14 


I So 

0 








-1-6— 10 

186 








i 

+30 

176 





152 

3960 

0 


-bio 

162 

S-’ 


8 


i6o 

4500 

0 


0 

156 

44 




176 

5040 

0 

0 

0 

160 

20 




176 

5580 

0 



146 

r6 




174 

6120 

0 


0 

144 

0 




172 

6660 

0 

0 

0 

130 

16 


20 


170 

7200 

0 


0 

132 

28 


18 


176 

7740 

0 



132 

.38 


10 


igo 

8280 

74 

0 


130 

32 




iSo 

8S20 

-16 


0 

140 

16 


12 


186 







26 

0 


164 

9600 

40 






Scald-ncplircdomy-adrcnaUciomy to nephrectomy. As in the experiments just 
described, no pressor response to cross-circulation was noted in the 9 scalded dogs 
in which the kidneys and adrenal glands had both been removed. But the nephrec- 
tomized animals exhibited well sustained rises during the cross-circulation. Since 
the results of these e.xperiments are so similar to those in which the adrenal glands 
were not removed, e.xamples will not be given in the tables. 

Scald-ncphrectomy-adrenalcctomy to cord dcstrnclion-shins inactivation-nephrec- 
tomy-priscol. In these experiments, the response of the highly sensitized (cord de- 
stroyed) dogs were sharply pressor to cross-circulation with the scalded nephrec 
tomized-adrenalectomized dogs. When the sensitized dogs were given enough priscol 
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lo reduce significantly the pressor response to i,-noradrcnalin, then cross-circulation 
gave little or no response (table 3, exper. 851). If a fresli cord-destroyed dog was 
substituted for the priscol-treated one, a pressor response was again obtained. 

Tourmqiicl-ncphrcclomy lo tiephrecloniy. This series of ii experiments was similar 
in conduct to those using scalding, hence will not be presented in detail. The data 
show that pressor responses are usually observed on cross-circulation and only oc- 
casionally are seen in the ncphrectomized dogs with tourniquets. It seems to make 
little difference whether the tourniquets have been loosened or not. The blood from 
the nephrectomized dog is often depressor when cross-circulated into the tourniquet- 
nephrectomized animal. 



Fig. I. Example of pressor effect of cross-circulatccl blood from ncphrcclomized dog into 
nephrectomized-bepatectomized dog (tracing shown). The e.\pcriment is unusual in that augmenta- 
tion of the adrenalin response bj- TEA was much greater than usual, r, Usual weak response of 
hepatectomized dogs to adrenalin; 2, usual good response to renin when Uic kidneys arc removed 
before hepalectomy is performed; 3, later response to adrenalin after large doses of TEA were given; 
4, poor response to renin despite TE.>\.; 3-6, cross-circulation of 540 cc. blood; 7-S, second cross dr- 
culation; p, renin; lo-ii, third cross circulation. The tendency for tlic average blood pressure to rise 
after repeated cross circulation is well illustrated. 

Occasionally, when the pressor material seemed exhausted, the abdominal 
cavity was opened and the intestines stripped, or the animal subjected to repeated 
hemorrhage. Often, but not always, Uiis led to reappearance of pressor substance 
in the blood. Much the same results \vcre obsert'ed wdien blood was cross-circulated 
from a tourniquet-adrenalectomy-nephrectomized dog to one with kidneys removed 
and the spinal cord destroyed. Priscol in doses large enough to reduce the noradrena- 
lin response also reduced the pressor response to cross-circulation (table 3, exper. 
863). 

Renal Jiyperlensive lo cord deslrvclion-simis inaclivalion-nephreclomy. Renal hyper- 
tension was produced a month or more before these 15 experiments by wrapping both 
kidneys in silk (5). Dogs sensitized by nephrectomy carotid sinus inactivation and 
cord destruction were used to indicate pressor effects of the cross-circulated blood. 

Pressor responses were observed after all but one cross-circulation in tlie indica- 
tor dogs, but none occurred in the hypertensive dogs (table 3, exper. J22). Rather, a 
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moderate fall in pressure often was observed. While the pressor responses as the 
result of cross-circulation of hypertensive dogs seem to be more regular than in most 
of our other experiments, the differences were not great enough to indicate a funda- 
mentally different or omnipresent pressor system in renal hypertensive animals. 

Dibenamine and priscol reduced or abolished the response in doses which did 
not block renin pressor action. 


Transfer of Vasopressor Substances 


Many experiments show that, except under unusual circumstances, injected 
adrenalin in single doses does not persist in the circulation long enough to be trans- 
ferred to another animal. We have only been able to demonstrate it by injecting 
large amounts and immediately cross-circulating. For example, 0.3 cc. of 1:1000 
adrenalin was injected into the femoral vein of a nephrectomized dog and cross- 
circulation with another nephrectomized dog immediately started. The blood pressure 
rose no mm. Hg in the donor but after the cross-circulation of 330 cc. of blood within 
3 minutes, the pressure of the nephrectomized recipient rose 42 mm. Hg. Noradrenalin 
in single doses, on the other hand, at times may be transferred often for several 
minutes after its injection, especially into nephrectomized animals. More usually, 
it has disappeared from the circulation when the blood pressure effect is over. On 
several occasions, when the dog was in extremis, the effect persisted in the plasma 
for periods up to 10 minutes. Blood in 25 to 50 cc. amounts removed during that 
period, when injected into a fresh test dog, exhibited sharp rises in arterial pressure, 
which could be abolished by doses of priscol or benzodioxane sufficient to abolish 
the response to noradrenalin. If instead of single doses, noradrenalin is infused at 
rates sufficiently great to produce a sustained rise of 100 mm. Hg or more, the transfer 
is more readily accomplished. The response curve in the indicator animal is indis- 
tinguishable from that resulting from cross-circulation and is obliterated by large 
doses of priscol-benzodioxane. 

Renin transfer is more irregular and difficult to predict. If a normal dog is made 
tachyphylactic to renin by its repeated injection, and cross-circulation with a ne- 
phrectomized dog immediately started, a rise of 60 or more mm. Hg may be ob- 
served in the recipient animal. A second cross-circulation 20 minutes later, while the 
donor is still tachyphylactic, produces no further rise in the indicator dog’s pressure, 
despite the continued responsiveness of this animal to directly injected renin. 

Even in some hepatectomized-nephrectomized animals, renin does not persist 
m such form as to be active when transferred to a nephrectomized recipient for more 
than a few minutes. For example, in one experiment, two doses of renin made the 
hepatectomized-nephrectomized dog tachyphylactic. Cross-circulation of the 540 
cc. of blood with a one-day nephrectomized dog gave a rise of 48 mm. Hg in the 
latter and no change in the donor. Five times as much renin was then given as ini- 
tially injected, with only a 20 mm. rise and 7 minutes after its injection, cross-circula- 
tion with the nephrectomized indicator dog was instituted. No change in the pressure 
occurred in the latter. 


This result, however, cannot always be counted upon. The following experiment 
illustrates what appears to be the occasional persistence of renin, ready to react 




Table 3. Response of arterial pressure to adrenalin, nor adrenalin and cross-circulation 
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Tabi^ 3. — Continued 


EXPERniENTAI. DOG 
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^ This represents the total amount of blood cross-circulated rather tlian individual cross-circula- 
tions. 


whenever the chemical environment is favorable. It will be recognized that the 
substance we transfer need not necessarily be renin, even though large amounts 
had been injected into the donor. A nephrectomized, TEA-treated dog was made 
tach5^hylactic to renin and 10 minutes later 600 cc. of blood was crossed with a 
nephrectomized dog. A rise of 92 mm. Hg occurred in the latter and 28 mm. Hg in 
the renin-treated donor. Five minutes later a similar cross resulted in a rise of 46 
mm. Hg in the recipient and no change in the donor. Renin was then repeatedly 
injected into the recipient until the responses were sharply reduced and the lack of 
response of the donor assured by injecting more renin. Crossing then gave no response 
in either animal. We have repeatedly observed that when both animals are made 
tachyphylactic to renin, the chances of observing a pressor response in the animals 
from whatever the substance in the cross-circulating blood are reduced. 

The reason we think it doubtful that all of the active pressor material carried 
over is renin can be illustrated by the following experiments, 14 of which were done. 
Four doses of renin were given a hepatectomized-nephrectomized dog and 3 doses of 
TEA (2.5 mg/kg.). The last dose of renin gave no pressor response. Three mmutes 
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later, 540 cc. of blood was cross circulated wdthin 4 minutes with a nephrectomized 
dog. No pressor effect was obsen''cd in the donor (liepatectomized-nephrectoraized) 
and only 34 mm. Hg in the untreated indicator animal. Without the injection of 
renin into the donor, such a rise from cross-circulation, especially the first one, was 
to be expected. In another experiment, large doses of renin and TEA were given to a 
nephrectomized-hepateclomized donor, without eliciting a significant response. Four 
minutes after the first cross-circulation, the last injection of renin gave a response 
in the indicator nephrectomized dog of 74 mm. Hg. Still more renin was given tlie 
donor and 6 minutes later another cross-circulation was performed. Now only a 18 
mm. Hg rise was noted. Even when no response occurred from cross-circulation, 
injection of renin into the nephrectomized recipient still gave a pressor response. 

In normal dogs, 9 to 19 injections of renin given in the course of 3 hours produced 
complete tach3^hyla.xis. Cross-circulation with a normal dog was without effect 
on the blood pressure of either animal. Since this result is regularly obtained, it is 
unlikely that significant amounts of injected renin, in active form, circulate in normal 
animals for at most more than a few minutes. 

Occasionally, TEA seemed to be carried over during cross-circulation when 
started not more tlian a minute or two after injection of the drug. Like adrenalin, 
its occurrence in the blood in significant quantity appeared to be short-lived. 

Augmciilalion by TEA 

We demonstrated several years ago tliat TEA in doses of 10 to 20 mg/kg. body 
weight augmented the vascular responsiveness to a variety of chemical substances 
(8, 9). It was especiall}’’ active in the case of adrenalin and noradrenalin. 

Augmentation of the pressor response to cross-circulation has not been proved 
beyond doubt because of the inability to know whether the same amount of pressor 
agent is delivered with each cross-circulation. Indeed, most of our e\ddence strongly 
suggests progressive reduction in the amount delivered, because the substitution 
of a fresh, nephrectomized dog as an indicator animal seldom produces any greater 
response than the indicator animal initially used. If tlie test dog had become refrac- 
tor}"- or tacliyphy lactic, this would have been easily demonstrated. 

Augmentation of the pressor responses after TEA was often observ’^ed, especially 
when only small cross-circulations had initially been made. The augmentation is 
irregular and impredictable. The e\’idence cannot, therefore, be used for or against 
similarity with noradrenalin. It merely suggests tliat the supply of pressor agent 
available at each cross-circulation is limited. 

DISCUSSION 

These experiments show clearly that pressor substance may appear in the hep- 
arinized blood of dogs, demonstrable by cross-circulation into another dog. Neither 
its appearance nor detection is dependent on the pentobarbital anesthesia used in 
part of the e.xperiments, because in unanesthetized animals with spinal cords de- 
stroyed, the pressor substance was also easily shown. 

The highly sensitized dog, i.e. with spinal cord destroyed and carotid sinus 
mechanism inactivated, was the one most likely to indicate pressor substance and. 
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therefore, it was to be expected that such animals would show the highest incidence 
of pressor reaction on cross-circulation. Two-day nephrectomized dogs, especially if 
given 200 cc. saline subcutaneously daily, were also highly sensitive. As we have 
shown (9) sensitivity is even further increased by cord destruction and carotid sinus 
inactivation. 

Using these highly sensitive animals as indicators of pressor activity, cross- 
circulation of from 500 to 1000 cc. of blood over a period of from 5 to 7 minutes often 
resulted in a rise of 50 to 75 mm. Hg arterial pressure in the sensitized dog. The rise 
persists during the period of cross-circulation, often with little or none in the opposite 
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Fig. 2. Experiuent demonstrating that the pressor agent is still active after blockade of 
adrenalin with priscol. Doses of priscol sufficiently large to block noradrenalin also block the rise in 
arterial pressure from cross transfusion. The graph illustrated is from the nephrectomized indicator 
animal cross circulated with a nephrectomized-adrenalectomized dog. i, adrenalin; 2-3, cross circula- 
tion 540 cc. blood; 4, TEA 5 mg/kg.; 5, adrenalin; 6-7, cross circulation; 8, priscol, 5 mg./kg.; p, 
adrenalin; lo-ii, cross circulation; 12, adrenalin {exper. 577). 

partner in the circuit. The results of our cross-circulation experiments may be sum- 
marized as follows: 


Summary of Pressor Responses to Cross Circulation 

r. Normal ± to normal ± 

2. Normal ± to nephrectomy -1 — 1- 

3. Splenectomy-resection of jejunun -}- to nephrectomy -p-f-l- 

4. Nephrectomy-adrenalectomy to nephrectomy 4— H--1- 

5. Hepatectomy -p to normal o 

6. Nephrectomy-hepatectomy o to normal o 

7. Nephrectomy-hepatectomjf -f- to nephrectomy -p- f- 

8. Nephrectomy-hepatectomy o to hepatectomy o 

9. Hepatectomy o to nephrectomy 4 — 1 — p 

10. Cord destruction-sinus inactivation-nephrectomy 4 — p-p to nephrectomy -1 — p 

11. Cord destruction-sinus inactivation-nephrectomy -1 — p to nephrectomy-hepatectomy o 

12. Cord destruction-sinus inactivation-nephrectomy 4-4-P to nephrectomy-hepatectomy-adrenal- 
ectomj^-splenectomy o 

13. Scald-nephrectomy o to nephrectomy -p-p-P-P 

14. Scald-nephrectomy-adrenalectomy o to nephrectomy -p-p-p 
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15. Scakl-ncphrcctomj'-aclrenalectomy o to cord dcslruction-sinus inactivation, ncplirectomy 

_j — (- + + 

16. Tourniquet-nephrectomy + to nephrectomy -p-p 

17. Renal hypertension o to cord dcslruction-sinus inaclivalion-ncplircclomy -p + + + 

When normal animals are cross-circulalccl, a rise occurs only occasionally, but 
if one nephrectomized animal is substituted, the rise becomes greater and possibly 
minor ones are augmented. Greater rises were also obtained after cord destruction 
and carotid sinus inactivation; hence dogs prepared in this way were usually em- 
ployed to indicate the jjresence of vasoactive substances. If the adrenal glands, as 
well as the kidneys, are removed in a dog, pressor resjtonses of significance are still 
obtained, demonstrating that neither the kidnej's nor the adrenal glands are the sole 
source of the pressor material. The sjjleen seems to play a negligible part in the mech- 
anism. Removal of the liver, as well as the kidneys, docs not abolish the pressor re- 
sponse, though the results suggest a reduction of its frequency and intensity. If in 
addition, the adrenal glands and spleen are removed, the blood from such a prepara- 
tion still gives pressor responses. These varied combinations of organ removal have 
demonstrated to us that certain organs not essential for the re.sponse, and further 
that sensitized itrcparations, such as the ‘nei)hreclomized-cord’ dog, are more likely 
to detect changes in the pressor qualities of cross-circulated blood than are the more 
nearly normal ones. Although the liver may supply some of the pressor material, it 
is not the only source and probably not the major one. Clearly the adrenal glands, 
kidneys and spleen are not essential for pressor responses. 

Pressor responses still occur to cross-circulation when those to injected adrenalin 
have been reversed by priscol and dibenamine; however, when enough of these agents 
are given to block L-noradrenalin, they are abolished. This docs not prove that the 
pressor substance is noradrenalin, since other pressor agents are blocked, or the in- 
tensity of their action reduced, by such large doses of the blocking agents. But the 
fact that there is tliis parallelism of action, as well as the fact of its diffuse origin in 
the body, suggests that it is indeed noradrenalin. 

Several 3'^ears ago, we demonstrated in the plasma and plasma ultra-filtrate of 
scalded dogs the appearance of a vasoconstrictor substance (i). Later we suggested, 
chiefly by exclusion, the possibility that this substance might be noradrenalin (10). 
To investigate the matter further, dogs were subjected to scalding or tourniquet 
shock after nephrectomy, nephrectomy-adrenalectomy, etc., and cross-circulated 
with sensitized indicator animals. The blood from these animals was usually strongly 
pressor, and was comparable to that from some of the animals having had extensive 
surgical procedures. 

Thus a direct proof is given that blood from shocked animals may be not onl}' 
vasoconstrictor but vasopressor as well. 

It is of interest that pressor responses failed to be observed in onl}'’ one out of 
13 dogs with severe renal hypertension (persisting longer than 6 weeks), when sen- 
sitized test dogs were used in the circuit. The significance of this observation cannot 
at present be adequately evaluated, although the obser\^ation is a striking one. 

Repeated cross-circulation appears to exhaust the supply of pressor material 
temporarily. The reasons for this belief are the progressive elimination of pressor 
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response with repeated cross-circulation, the fact that the indicator animal in most 
cases did not show sufficiently reduced responses to injected adrenalin, noradrenalin 
or angiotonin to suggest that tachyphylaxis or refractoriness had developed, and 
finally, the fact that substitution of fresh indicator animals in the circuit did not re- 
store pressor responses which were previously lacking. 


Table 4. Response of NEPHRECxoxnzED dogs with cord destroyed (ce J, ) to cross circulation 

WITH RENAL HYPERTENSIVE DOGS 


HYPERTENSIVE DOG B. P. 210 int. HG (EXPER . 722 ) 
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The problem of the rapidity with which injected vasoactive substances become 
inactivated and therefore not transferable by cross-circulation was an interesting 
one. Adrenalin in single doses was most quickly inactivated and, except when large 
doses were given, could not be demonstrated by cross-circulation after the rise in 
arterial pressure had subsided. Although L-noradrenalin was inactivated somewhat 
more slowly, it could not be detected after its pressor response, except in a few ex- 
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periments toward llieir end. In such eases, the kidneys and often the liver had been 
removed. But infusion into donor animals permits its cross circulation and response 
in the indicator animal with easy controllability. Barium chloride in the doses used 
to produce a rise of 30 mm. Hg could not be transferred and the same was true of 
angiotonin. TEA in large doses occasionally could be transferred, especially from a 
nephrectomized animal a few minutes after administration of the drug. 

Success in the transfer of renin by cross-circulation was always difficult to pre- 
dict. In most cases, no rise in blood pressure occurred in the recipient about 5 minutes 
after renin injection into the donor. In others, especially those in which tlie liver and 
kidneys had been removed, renin persisted for 10 minutes or more — 30 minutes in 
one case. From the small amounts of renin required to make a nephrectomized- 
hepatectomized donor tachyphylactic and yet yield blood, which when crossed, is 
strongly vasoconstrictor, it is suggested that the liver is concerned with regulation of 
the level of circulating renin. 

We had hoped to be able to demonstrate the occurrence of pressor substances in 
the blood of dogs with renal hypertension, since the test animals were far more sen- 
sitive than those formerly used. It appeared from the work of Solandt, Nassim and 
Cowan (ii) that mechanical cross-circulation demonstrated the regular occurrence 
of greater than normal amounts of vasoconstrictor substance in the renal hyper- 
tensive animal’s blood. Our results show the more regular occurrence of the norad- 
renalin-like substance in hypertensive dogs as compared with normotensive ones but 
the amounts indicate no obvious relationship to the degree of hypertension. One 
w'ould expect that a substance causing the hypertension would be present constantly 
and be related to the severity of the In^pertension. This is not true in our experience. 

These experiments do, we believe, demonstrate not only the possible occurrence 
of such active substances as noradrenalin under a variety of circumstances but em- 
phasize the need for the greatest care in interpreting e.xperiments on the vascular 
sj’^stem in which blood has either been cross-circulated or circulated through pumps, 
tubing, gauges etc. Not only can substances like serotonin form, but the noradrenalin- 
like ones as weU may be liberated. From the large literature on perfusion, particularly 
as related to hemodynamic studies, we have so far found no investigation which has 
treated the perfused blood as though it were capable of exhibiting highly variable 
vasoactive properties. These experiments seem to us to show clearly that the varia- 
tions may be great and are usually unpredictable. Without recognition of this fact, 
deductions based on an assumption of constancj'^ of tlie preparation may be grossly 
erroneous. 

We should not fail to recognize that this work, started with an entirely different 
purpose in mind, provides striking indirect confirmation of the thesis originally pro- 
posed and supported by a variety of experimental evidence by Walter Cannon and 
his school and more recently bj’- von Euler, Bacq and Rosenblueth. 

SUMMARY AND CONCLUSIONS 

Repeated cross-circulation of from 600 to 1000 cc. portions of heparinized blood 
was performed between dogs w’hich had various organs removed in an attempt to 
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demonstrate the presence of pressor substances in the blood. The animals used to 
demonstrate the occurrence of pressor substance (‘indicator dogs’) were made highl}^ 
sensitive by bilateral nephrectomy, spinal cord destruction and carotid sinus in- 
activation. 

The removal of liver, kidneys, spleen and adrenal glands, followed by cross- 
circulation with indicator dogs, shows that none of these organs is exxlusively re- 
sponsible for the appearance of pressor substances in the blood. Periods of shock and 
low blood pressure tend to increase the occurrence of pressor substance in the blood. 
The blood of dogs with experimental renal hypertension seems more apt to contain 
pressor substance than normal. Its occurrence is not sufficiently regular to suggest 
the maintenance of the hypertension by'- this type of pressor agent. Blood may be- 
come pressor under a variety of circumstances and is not hmited to shock or hyper- 
tension, Dibenamine and priscol, in doses large enough to block the action of d-l- 
noradrenalin or L-noradrenalin, also block the pressor action of cross-transfused blood. 
Tetraethylammonium chloride augments the response. 

It was demonstrated that infused noradrenalin can be transferred by cross- 
circulation with ease and the arterial pressure curve in the indicator animal is similar 
to that resulting from the natural^ occurring pressor substance in blood. Adrenalin 
is much less easy to transfer. Single doses of adrenalin and noradrenalin disappear 
quickly from the blood and unless the amount given is very large are not transferable. 
Renin transfer is irregular; in normal animals it does not circulate in active form for 
more than a few minutes; in hepatectomized-nephrectomixed ones it may persist for 
some time, suggesting the participation of the liver in the control of the blood level 
of renin, 

A pressor substance is found in the heparinized blood of dogs under a variety of 
circumstances which may best be demonstrated by cross-circulation with sensitized 
dogs. It is believed to be noradrenalin, or at least noradrenalin-like, because a) it 
occurs even after a variety of organs have been removed, V) methods which sensitize 
to L-noradrenalin also do so for the pressor substance, c) methods which block L- 
noradrenalin similarly block the pressor substance, d) tachyphylaxis does not appear 
to occur and e) infused noradrenalin can be cross-circulated Just as the pressor sub- 
stance. 

Both shock and experimental renal hypertension increase the incidence of the 
appearance of demonstrable amounts of noradrenalin in the blood but neither is a 
necessary circumstance. A variety of less abnormal stimuli produce it but apparently* 
with less regularityL 

The appearance of sufficient quantities of noradrenalin in the blood stream to be 
demonstrable by a rise in pressure after cross-circulation into another animal is not a 
regular occurrence, rather it appears to be a response to unusual and trying circum- 
stances, among w'hicli may be included shock and renal hypertension. 

The need for control of the appearance of substances such as noradrenalin and 
serotonin in perfusion and cross-circulation experiments is pointed out. 

We express our appreciation to Messrs. \\ illiam M esl and Ralph Edmonds for their aid in the 
conduct of the experiments. 
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DOUBLE ACTION OF ADRENALIN ON THE 
SMALL INTESTINE^ 

M. L. CHAKRABARTY^ 

From the Medical College Hospitals 

CALCUTTA, INDIA 

A DRENALIN, in addition to inhibiting movements of the gut through its 
LJL action on the sympathetic nerves, also stimulates the gut muscle under 
1 JL. certainconditions. This was first observed by Johannes Muller ( i ) in 1 83 7, and 
subsequently by others in the intact animal. In the isolated gut Sharpey-Schafer (2), 
Tashiro (3) and Hoskins (4) obtained stimulation from sniall doses of adrenalin, and 
Hoskins (4), Lucas and Bonnycastle (5) obtained stimulation after washing away a 
large dose. Stimulation b}'- adrenalin has been reported after eserine (6) and. after 
pilocarpine (7, 8). This paper presents work on the mechanism of this stimulating 
action. 


METHODS 

Experiments were made mainly on rabbits. Animals were kept on full diet prior 
to death and were killed by a blow on the neck followed by bleeding. A segment of the 
small gut was carefully excised and kept in Tyrode’s solution for subsequent use. A 
suitable piece from this segment about 2 to 3 cm. in length was chosen and suspended 
vertically in a simple plain muscle bath containing Tyrode’s solution, volume 30 cc., 
at 38°C. Oxygen was run through a specially made conduit tube so that the bubbles 
came out too small to disturb the movement of the gut. Movements of the longitu- 
dinal and circular coats were recorded simultaneously on the same drum, the former 
by a frontal writmg point and the latter (upper one) with a McDowall recorder (modi- 
fied air displacement method, 9). The upward and downward movements repre- 
sented contraction and relaxation, respectively. A suitable arrangement was made to 
wash out the bath from below with as little disturbance as possible. Drugs were added 
quickly in solution made up in distilled water to the bath away from the tissue so that 
it became mixed immediately with the bath solution by the oxygen bubbles. Drugs 
used were adrenalin, physostigmine salicylate, and atropine sulfate. 

results 

A fresh piece of small gut in a bath of Tyrode’s solution showed stimulation on 
the addition of adrenalin to a concentration of io~® to io~^^ (fig. i). Atropine abol- 
ished it. The extent of this stimulation is so small that it is difficult to demonstrate, 
and hence likely to be confused with the undulatory movements normally exhibited 

Received for publication January 5, 1948. 

^ From a thesis submitted to the University of London for the degree of Ph.D. 

- The author wishes to express his sincere thanks to Professor R. J. S. McDowell, King’s College, 
London, for providing the facility in his laboratory to carry out this investigation. 
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by the small intestine. Moreover, the variable responses of the gut to atropine from 
inhibition to stimulation give rise to genuine difficulty in such experiments on the gut. 

Stimulation of the gut took place when an inhibitory dose of adrenalin was 
washed away with Tyrode’s solution (fig. 2). Due care was taken to prevent variation 
in temperature of the bath during the two washings and notice was taken of the 
change in the movement of the gut when the bath was emptied. Atropine abolished 
this stimulation. Stimulation of the gut was also obtained by an inliibitory dose of 
adrenalin when cserine preceded it. In vitro, the stimulation by eserine alone was a 
short-lasting one, if air was passed through the bath instead of oxygen. In the pres- 
ence of oxygen it was a prolonged one and thus the stimulation by adrenalin was dif- 
ficult to demarcate. Atropine abolished this stimulation. 



Fig. I. Rabbit’s iLExnt. Stimulation by a small dose of adrenalin, i in io~* to io~“ pg., at A. 
Bath volume 30 cc. of Tyrode’s solution. 

Fig. 2. Rabbit’s ileum. Upper tracing records volume; lower tracing records the longitudinal 
coat. A = adrenalin (lo.o pg.), which was washed awa}- at IF. R = rest. Adrenalin was allowed to 
act for different times. 

Fig. 3. Rabbit’s cut. Recover}' and overaction after an inhibitory dose of adrenalin (lo.o /ig.) 
in a Tyrode bath of 30 cc. at A . 

Adrenalin stimulated the gut after a dose of acetylcholine. It was found to be 
essential to adjust the interv'al between tlie addition of the drugs. When the interval 
exceeded a particular limit the gut instead of showing stimulation showed enhanced 
inhibition. 

The foregoing experiments were repeated in exactly similar ways on gut cooled in 
T3’Tode’s solution for more than 48 hours when no stimulation was found but only 
inhibition. 

A sufficiently nicotinized piece of gut as judged by the absence of stimulation by 
a fresh addition of nicotine (100 /xg.) jdelded the same results as in the case of the 
cooled gut. 

When a dose of adrenalin sufficiently large to produce inhibition was added and 
the gut allowed to remain in the bath in contact with adrenalin, the gut showed spon- 
taneous recovery after some time and in some instances an overaction (fig. 3)* 
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DISCUSSION 

From the experimental results it is clear that adrenalin has both a stimulating 
and an inhibitory effect on the gut depending upon the dosage (4). The inhibitory 
effect by a large dose predominates and masks the stimulating action of the small 
dose. In attempts to determine the cause of stimulation, previous investigators (4, 5) 
considered a number of possibilities, both chemical and physical. The stimulation 
after a wash was also explained on mechanical ground, and ultimately called a “para- 
doxical washout phenomenon.” The findmg herein reported is different. 

It should be noted that previous workers obtained stimulation after washing 
away an inhibitory dose of adrenalin with Fleisch’s, Dale’s and Ringer’s solutions, 
and in the present e.xperiments with Tyrode’s solution. Thus the stimulation cannot 
be attributed to the specific effect of a particular solution or its constituents. Conse- 
quently, this stimulation may be considered to be the same as by a small dose. 

The salient feature is that the stimulation occurring imder the various conditions 
detailed herein alwa3’^s took place in the fresh gut, i.e. when the gut had its tone and 
never in a gut cooled for more than 48 hours or after nicotinization, both of which 
cause a fall in the tone. Krishnan (8) recorded stimulation of the gut by adrenalin 
after its tone was heightened by eserine, pilocarpine and acetylcholine. It may be 
recalled that both the processes of cooling (10, ii) and nicotinization (12) are known 
to abolish nerve action. From this it appears that stimulation of the gut is related to 
the functionally active intrmsic nerve apparatus and it may either be caused by i) a 
direct action, 2) a stimulating substance liberated by adrenalin, or 3) a sensitizing 
action to the stimulating substance constantly being liberated by local ganglia but 
normally rapidly destroyed. 

It cannot be a direct action, because adrenalin produces only inhibition on the 
completely nicotinized gut and gut cooled for a longer period (73 hr.). 

The fact that no stimulation was found with either a small dose or after washing 
away a big dose of adrenalin, following atropine and the abolition of stimulation 
when atropine followed it, is highly suggestive. Atropine even abolished the stimula- 
tion caused by a large dose of adrenalin following eserine or acetylcholine as has been 
previously reported (13, 6). In addition, the report of the liberation of an acetyl- 
choline-like substance from the heart of frog by adrenalin (14), the liberation of 
acetylcholine in the blood by adrenalin (15), and the increased synthesis of acetyl- 
choline to the extent of 50 to 150 per cent by a minute dose of adrenalin, io“® to io~®, 
(16) adds further support. Moreover, the literature also reports (17, 18) formation of 
acetylcholine in the fresh gut or when cooled only for a short period. The lack of its 
formation by the embryonic guinea pig gut at a period when there was no develop- 
ment of nervous structure in it has also been reported. 

All of these observations indicate that the substance responsible for the stimula- 
tion is something like acetylcholine liberated from the local nerve elements. It is note- 
worthy that the rabbit’s gut has been foimd sensitive to acetylcholine in a concentra- 
tion of I in 30 X 

The recovery and overaction after adrenalin further substantiates the evidence 
already reported for the similar liberation of acetylchoh'ne (19-22). It has been 
called an ‘atypical action’ and a 'drug-fading phenomenon.’ These experiments 
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prove that neither recovery nor overaction is caused by destruction of adrenalin in 
the bath within the experimental time. 

smmARY 

Adrenalin exerts a double action on the gut; stimulation takes place even by an 
inhibitory dose when preceded by eserine or acetylcholine. This stimulation is abol- 
ished by atropine. The stimulation always took place in the frcsli gut and never 
when cooled or nicotinized. The presence of parasympathetic tone seems to be a neces- 
sary condition. The gut showed rccovciy' and sometimes overaction after an inhib- 
itory dose of adrenalin, although the gut remained in contact with adrenalin in the 
bath. Stimulation, recovery and overaction appear to be caused by the liberation by 
adrenalin of acetylcholine from the nerve elements present in an isolated piece of 
the gut. 
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CREATINE-CREATININE INDICES OF DIABETIC 
SUBJECTS AND EFFECT OF MUSCULAR 
DEGENERATION 


SAUL CASPE, BENJAMIN DAVIDSON and JOSEPH TRUHLAR 
From the Good Samaritan Dispensary and the Laboratory of Industrial Hygiene 

NEW YORK CITY 

P RIOR to the discovery and application of insulin, the hormone now used to 
control diabetes, some studies were reported on the excretion of creatine- 
creatinine and the collateral effect of diets upon these excretions during the 
course of this disease. Burger and Nachwitz (i) found that on a carbohydrate-free 
diet, considerable amounts of sugar were excreted and similarly on a creatine-free 
diet, there ensued some excretion of creatine. Copius creatinuria occurred in diabetics 
without appearing to increase the total creatinine excretion. While severe cases of 
diabetes, exhibiting excretion of acetone substances, continued to excrete creatine 
independently of the food, the quantity of this latter excretion was influenced by the 
consumption of meat. However, mild cases of diabetes behaved like normal individ- 
uals. Lamport (2) found an increase in the excretion of acetone bodies coincidental 
with creatinuria when carbohydrates were given. In the few cases of diabetes in- 
vestigated, the creatinine output was considerably lower than normal. Lauritzen (3) 
found that restriction of carbohydrates led to creatinuria and he believed creatinuria 
was a valuable early sign of the precomatose state. It is apparent from these few 
early studies that the significance of creatine-creatinine excretion had neither been 
conclusively determined nor satisfactorily related to faulty metabolism. 

Tsuji ( 4 ) noted, with an artificially induced glycosuria, an association of creatine excretion. He 
cast doubt upon the contention that such creatinuria was due to the presence of acetoacetic acid or 
other acetone substances. Lohmann (5) demonstrated that creatinuria was associated with a di- 
minished utilization of sugar in rabbits. Reuter and Schlessmann (6) considered creatinuria a sign 
of loss of glycogen and deficient synthesis in the muscle. Wang (7) evaluated creatinuria produced 
under a variety of experimental and clinical conditions as an unspecific phenomenon. 

There is evidence that insulin regulates the redistribution of tissue glycogen and glucose and 
possibly tlieir metabolism (8). Whether this regulatory mechanism exerts some salutary influence 
upon other abnormal phenomena associated with diabetics, such as creatinuria, constitutes a subject 
worthy of tliorough investigation. Should insulin be found ineffective as a corrective for creatinuria, 
then it follows that this disease process is more complicated than anticipated and we must searcli 
furtlier for coordinate leads of consequence. 

Caspe and Cameron (9) by a tissue culture technique showed tliat creatine plays a role in cel- 
ular proliferation. The fimction of creatine in muscular contraction and glycolysis has been dwelled 
upon by several investigators. Since muscular degeneration is sometimes a concurrent phenomenon 
observed in diabetes, Oie importance of creatine in this connection warrants investigation. Lazere, 
Thomson and Hines (10) found in the atrophy of rats’ muscles following denervation or other causes 
a more rapid decrease in glycogen tlian in creatine content. Regeneration of the affected nerves 
brought about redisposition of muscle glycogen more rapidly than creatine. The fibrillary activity of 
these muscles was also studied. 
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Caspc, Davidson and Truhlar (ii) report creatinuria was found in all diabetics of both sexes 
taken at random. Since ]ctharg>' and a growing fatigue are some of the c.xtrinsic clinical signs assod- 
ated with the progress of this disease, it was decided to study the creatine and creatinine inde.x of 
diabetics in connection with their muscular tone and fibrillary activity. The biochemical aberration 
in creatine metabolism is a factor perhaps of equal importance to the decrease in available glycogen 
in Uie tissues. 


EXPERIMENTAL METHODS AND M.ATERLVLS 

In the diabetic clinic, blood sugar analysis is done routinely. During an ex- 
tended study of 100 subjects with creatinuria, a decision was made to investigate 
intensively the urinaiy sugar, creatine and creatinine of 34 diabetic clinic subjects 
(22 females and 12 males) most of whom have been afflicted with this disease for a 
long time. The diabetes was controlled by means of insulin. The body weights of 
these subjects were maintained on a 1500 calorie diet (not creatine-free) consisting 


PERCENT TRANSMISSION OF CREATININE 



LOG OF % TRANSMISSION 

Fig. I 


of a daily ration of 150 grams carbohydrate, 60 grams protein and 70 grams fat. The 
urine of each patient was collected for 24 hours and a sample presera’^ed with thymol 
was withdrawn for creatine and creatinine determination by a modification of the 
method of Folin (12). The urine was refrigerated and analyzed within 48 hours. 

One ml. of a 24-hoxu' specimen of urine was mixed with 20 ml. of a saturated 
solution of picric acid and autoclaved for 20 minutes at a is-lb. pressure. The so- 
lution was then cooled in an ice batli for 15 minutes. After removal from the ice 
bath, 1.5 ml. of a 10 per cent NaOH solution was added and this mixture was al- 
lowed to stand 10 minutes after which it was diluted to a suitable volume. The sam- 
ples were read withm 10 minutes in a Lumetron photoelectric colorimeter at a 550 
M/n wavelength. The creatinine standards were dissolved in dilute HCl. 

At the start duplicate determinations of creatinine standards were run and the 
curves show the average percentage transmission of light as well as tlie log of per- 
centage transmission of light plotted against milligrams concentration of creatmme. 
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The concentration of creatinine in urine samples can be determined by reading these 
samples in tlie photoelectric colorimeter and ascertaining the creatinine values from 
the curves. However, standards were always run with each batch of urines as a pre- 
cautionary measure to compensate for any manual variations. All samples hicluding 
standards were run in duplicates and the deviation between duplicate readings was 
found to be less than i per cent while in most cases the deviation was insignificant. 
Using known standards of creatinine, we found the average recovery to be 97.5 per 
cent. 

All the experimental urines were found to be acetone-free although many con- 
tained glucose. Control experiments were run to determine the possible interference 
of glucose with the accuracy of the creatine and creatinine determinations. Toward 


Table i. Mai.e Diabetics 


SUBJECT 

WEIGHT 

AGE 

BLOOD 1 
SUGAR j 

i 

URINE 

SUGAR 

TOTAL 

creati- 

nine 

CREATINE 

CREATI- 

NINE 

INDEX 

CREATINE 

INDEX 

miSCLE 

TEST 


H - 


_ 1 
ins . % \ 


mgiday 

mg/iay 




B . K . 

61 

32 

249 

2.8% 

1363 

388 

22 

6-3 

Neg. 

S . S . 

64 

36 

150 

Neg. 

1800 

Soo 

28.1 

7.8 

Neg 

D . S . 

67 

43 

95 

Neg. 

2328 

823 

35 

M 

to 

Neg. 

H . A . 

68 

45 

121 

Neg. 

1013 

200 

15 

2.9 

Neg. 

R . S . 

70 

47 

i8o 

F. T. 

1900 

440 

27 

6.3 

Neg. 

H . A . 

69 

48 

194 

F. T. 

2048 

700 

30 

10. 1 

Ncg. 

S . C . 

68 

51 

166 

F.T. 

1870 

587 

26 

8.5 

Neg. 

G . G . 

59 

53 

128 

F.T. 

178s 

368 

30 

6.2 

Neg. 

TF. P. 

66 

53 

336 

3 - 0 % 

4655 

700 

75 

10.6 

— 1 — f- 

W . P.i 

66 

53 

280 

2.2% 

5280 

1590 

93 

24. 1 

+ 4 -++ 

A . K . 

55 

53 

140 

F. T. 

2795 

1081 

51 

19.6 

-h-f+d- 

M . F . 

60 

59 

155 

Neg. 

1620 

soo 

27 

8.3 

+ 4 -++ 

M . F.i 

62 

59 

257 

2.7% 

2288 

970 

36.8 

15.6 

4 - 4 - 4 - 

M . P .1 

61 

59 , 

— 

Neg. 

2538 

1 586 

41 

9-6 

4 - 4 - 4 - 

C. 5. 

59 

69 

295 

1.5% 

2241 

981 

38 

16.6 

4 - 4 - 4 - 4 - 


F.T. = Faint trace. ^ Duplicate determination made on same subject one week later. 


this end, 14 determinations in duplicate were made as follows: A known amount of 
glucose was added (making the final concentration equivalent to 2%) to i) a known 
amount of creatinine, 2) normal urine and 3) picric acid. These controls were sub- 
jected to the procedure and autoclaving outlined above. No significant variations 
were observed in comparing i) standard creatinine with the same creatinine plus 
glucose, 2) normal urine with the same urine plus glucose and 3) picric acid with 
picric acid plus glucose. 

Thirty-two of the 34 patients were subjected to a muscle fibrillation test, and 
the longitudinal and lateral fibrillations were noted. A visual estimation was made 
of their intensity. This test is described in many standard textbooks of physiology 
and neurology. It consists of producing muscular tension by a hammer blow, finger 
squeezing or snapping of the relaxed biceps and gastrocnemius muscles. When mus- 
cles are degenerating, the response to tension can be observed in the uncoordinated 
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twitchings of bundles of muscle fibers. Grinker (13) states that tapping or squeezing 
of muscles may cause the appearance of a fibrillation. “The significance of fibrillary 
twitching is generally stated to be a process of slow degeneration.” 

Of the 34 subjects, 4 were in the 30-age group, 14 in, the 40-age group, 13 in the 
50-age group and 3 in the 60-age group. Of the ii subjects showing muscular fibril- 
lary activity, 3 were in the 40-age group, 6 in the 50-age group and 2 in the 60-age 
group. 

TAni.K 3. Femalt; Diabetics 


SUBJECT 

wErctrr 

ACE 

BLOOD 

SUGAR 

urint: 

SUGAR 

I ! 

TOTAL 
! CREATI- 

i 

j 

cRXATiJn: 

1 

CREATI- i 

IKDEX 



S. R. 

CO 

34 

mg . % 

206 

H. T. 

mg/day 

2610 

TT.glday 

840 

29 

9.4 

Neg. 

S. C. 

64 

37 

188 

F.T. 

960 

230 

IS 

4.6 

Neg. 

R. Z. 

67 

44 

150 

H.T. 

1600 

460 

24 

6.9 

Neg. 

E. S. 

78 

44 

222 

1 - 5 % 

265s 

7 So 

34 

10. 0 

j- 

( 

S. P. 

54 

45 

168 

H.T. 

2745 

Sio 

56 

15 i 

+ 

S. P.‘ 

54 

45 

139 

F.T. 

' 2700 

1060 

50 

19.6 

q. 

B. B. 

63 

46 

180 

H. T. 

52S0 

1060 

52 

16.8 


G. F. 

79 

47 

252 

H. T. 

2460 

560 

31 

7.1 

Neg. 

V. E. 

73 

47 

374 

3 % 

i960 

94 

27 

1-3 

Neg. 

F. I. 

78.6 

48 

230 

Neg. 

1250 

200 

iS -9 

2.5 

Ncg. 

F. 

77.0 

48 

262 

Trace 

1 123S 

370 

16. 

4.8 

Neg. 

ilf. M. 

55 

48 

200 

H.T. 

2398 

1015 

43-5 

18 

!■ 

E. S. 

73 

48 

285 

1.7% 

Zooo 

1420 

! 41 

19. 5 

++ 

E. F. 

73 

48 

280 

3 - 1 % 

1900 

1238 

26 

16.9 

Neg. 

E. Z. 

64 

50 

180 

F.T. 

1663 

650 

26 

10. 1 

Neg. 

F. G. 

89 

50 

300 

3.8% 

1170 

180 

13 

r\ 

Ncg. 

C.K. 

88 

50 

490 

4 - 2 % 

2640 

390 

30 

4.4 

Neg. 

A.K. 

59 

50 

265 

1.6% 

2725 

120S 

46 

20 

+++ 

F. G. 

88 

SI 

225 

H.T. 

1690 

670 

19 

7.6 

Neg. 

A.E. 

70 

SI 

i8s 

Neg. 

1977 

945 

28 

13-5 

Neg. 

S. K. 

55 

52 

260 

F. T. 

2260 

loSo 

41 

19.7 

! ++ 

S. K} 

55 

52 

284 

H.T. 

2740 

lIJO 

50 

20.4 

++ 

R. W. 

72 

52 


4 - 8 % 

2676 

S94 

37-2 

12.4 

-k-f 

A. B. 

57 

60 

339 

7.1% 

184s 

489 

32.3 

8.6 

+++ 

A. B.' 

57 

60 

— 

4 - 0 % 

4292 

2324 

75 ' 

40. 

+-k+ 

S. G. 

66 

67 

203 

Neg. 

1181 

500 

18 

1 7-6 

Neg. 


F.T. = Faint trace. H.T. = High trace. ‘Duplicate determination made on same sub- 
ject one week later. 


In tables i and 2 (males and females respectively) the various analyses and the 
creatine-creatinine indices are given for each subject. These indices are obtained by 
calculating the milligrams of creatine and creatinine excreted in 24 hr/kg. of body 
weight. The subjects are tabulated in the ascending order of their ages and any 
particular age group can easily be identified and studied. 

Table 3 is a tabulation of the creatine-creatinine indices of 7 normal subjects 
(4 males and 3 females) free from any disease and representing selections from 
various age groups. These figures serve as controls for the creatine-creatinine de- 
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terminations of the diabetic group. Table 4 is a recapitulation of creatine-creatinine 
average indices compiled from the data given in tables i, 2 and 3. 

DISCUSSION 

There were 41 creatine-creatinine determinations made on the 34 diabetic test 
subjects. M. F. (in table i) is the only subject with a positive muscle test who showed 
a creatinine index of 27. However, two subsequent determinations on M. F. resulted 
in creatinine indices of approximately 40. 


Table 3. Controls 


SUBJECT 

SEX 

WEIGHT 

AGE 

TOTAL 

CREATINTNE 

CREATINE 

CREATININE j 
INDEX 

CREATINE 

INDEX 

M . C . 

M 

kg . 

84 

2S 

ingfday 

2122 

mgfday 

20.4 

25.2 

0 . 24 

J . T . 

M 

77-3 

30 

2163 


27-9 

0 

J . T . 

M • 

79-5 

35 

2189 

22 

27-5 

0.28 

S . C . 

M 

79 

43 

1830 

60 

23.2 

0.75 

M . C . 

F 

64 

31 

1739 

57 

26.8 

0.89 

H . T . 

F 

70. S 

35 

2001 

20.4 

28.4 

0.29 

T . W . 

F 

72.7 

57 

1833 

61. s 

25.2 

0.84 


Table 4. Recapitulation 



NO. SUBJECT 
DETERMINA- 
TIONS 

TOTAL 

CREATININE 

INDEX 

AV. CREATINE 
INDEX 

RATIO 

creatine: 

CREATININE 

CONTROLS 

Diabetics with creatinine indices: males, 

7 

26.3 

0.47 

.018 

below 30; females, below 25 

Diabetics with creatinine indices: all 

13 

20.5 

5.8 

CO 

below 30 

Diabetics with creatinine indices: all 

18 

22.3 

7.0 

.314 

above 30 

Diabetics widi positive muscle test and 

23 

45-6 

15-5 

•340 

above 30 creatinine index 

16 

49.8 

17.6 

•353 


Sixteen of the 23 subject determinations with an above 30 creatinine index ex- 
hibited this high index associated with muscle fibriUary activity; 2 subjects with 
similar high index were not tested for muscle fibrillary activity and the 5 remaining 
subjects with a negative muscle test had the following creatinine indices: 30, 30, 35, 
30 and 31. 

There does not seem to be a direct correlation between muscle tone and the 
severity of diabetes as manifested by a high blood and urine sugar, but there seems 
to be some connection between the age of the subject, the duration of his disease 
and his muscular condition. 

Comparing the recapitulation figure (table 4), it is obvious the above 30 index 
average for creatinine is double the below 30 index average. The average creatinine 
index of those with a fibrillary muscle activity and an above 30 index is more than 
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double the creatinine average of those with a below 30 index. The average creatine 
index in a similar comparison is increased two and one-half fold. 

The average creatinine index of diabetics with a positive muscle test increased 
over the comparable control average index by the factor 1.9 whereas the creatine 
index in a similar comparison increased by a factor 37.4 whicli appears to be sig- 
nificant. A comparison of the creatine-creatinine of those diabetics who exhibit a 
positive muscle test with the controls shows that this ratio has increased by a factor 
19.8 (See table 4). 

The normal excretion of total creatinine in 7 young adult males on various tj^es 
of diet can be found in the recent studies of Friedcmann ci ah (14). 

Maranon, Collazo and Almela (15) found by analysis of the deltoid muscle tissue 
of normal men and severe diabetics an average reduction of better than 20 per cent 
in the phosphagen content of diabetics in comparison with normals. The reduction 
in more active muscles may be even greater. This condition must reflect the effect 
of prolonged creatinuria. Glycosuria and creatinuria are related to the reduction of 
these components in the tissue. Muscle metabolism is affected by the reduction in its 
gl5'-cogen and creatine content whicli contributes to the muscular and possibly neuro- 
muscular damage as noted by our reported fibrillation tests. 

SUMMARY 

Forty-one urinary creatine-creatinme determinations of 34 diabetic clinic sub- 
jects show that these excretions increase as compared with normal controls. Those 
diabetics with fibrillary muscular activit}’’ manifest an average creatinine index 
which is more than that of the normal controls while their average creatine index is 
more than 37 times that of the normal controls. This marked increase in creatine 
excretion appears to be a part of the diabetic syndrome. The extent of this increase 
seems to correspond to a condition of muscular degeneration, v 
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CHEMICAL MEDIATORS AS PROMOTING AGENTS OF 
THE ORIGIN OF HEART RHYTHM^ ^ 

EURICO PAES 

From the Laboratory of Physiology, University of Medicine 

LISBON, PORTUGAL 

D emoor and Rijlant (i, 2) demonstrated that both aqueous and alcoholic 
extracts ol nodal tissue (Keith-Flack nodes, Aschoff -Tawara centers. His’ 
fasciculus, Purkinje’s net) are capable of inducing regular rhythm in a 
heart fragment in which only rare twitchings, with uneven intensity and frequence, 
were evident. The ‘wild activity’ of the myocardium is changed into ‘rhythmical 
automatism’ under the influence of the nodal tissue extract. The extracts of nodal 
tissue when heated to 60° C. lose their rhythm-inducing capacity. 

Haberlandt (3) states tliat in Batrachia a ‘Herzhormon’ exists and Zwaardemaker (4) con- 
sidered that the active substance of the heart rhythm is ‘automatine’ formed by the action of po- 
tassium and other radioactive bodies, on ‘automatinogene’ existing throughout the bodj’- and con- 
veyed by the blood into the heart, where it accumulates chiefly in the nodal tissues; the essential 
rhythm-inducing role of nodal tissue extracts has been confirmed by others (5-13). 

Bacq and his co-workers (14), however, are not in agreement with this concept. It is possible 
to induce rhythm in the left auricle by other means. Unbalanced salt solutions can provoke (even 
in the non-smooth muscle) a series of contractions more or less regularly rhythmic. In the left au- 
ricle’s muscle, Baryum chloride (Kruta), good oxygenation (Brouha and Bacq), histamine (Rigler 
and Tiemann), repeated induced electric shocks at regular intervals (Fredericq), and probably any 
other technics can lead the left auricle to contractions that simulate normal regular rhythm. 

With a view to determining the reciprocal relations between the nodal tissue’s 
rhythm-inducing capacity and the chemical mediators of the cardiac nerves, the 
nodal tissue — acetylcholine and adrenaline inter-relations — in rhythm-inducing ca- 
pacity, the experiments described below were made with the left auricles of rabbits. 

METHOD AND RESULTS 

Immediately after killing the rabbit by a blow on the head, the heart was ex- 
posed through an opening in the chest; after ligature of the vena cava, the heart was 
removed and washed in tepid Locke’s solution. The auricles were carefully separated 
from the ventricles. The isolation of the left from the right auricle was accomplished 
as precisely as possible. The separation should be done in such a way as- to totally 
deprive the left auricle of nodal tissue (left extremity of Keith-Flack nodes, inter- 
auricular septum, several parts of the nodal ‘Tawarien’ system). 

The left auricle thus prepared was widely opened and tied on one side to a 
myograph lever and on the other to the terminal apparatus hook. The preparation 
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was immersed in 50 cc. of Locke’s solution maintained at 38° C., through which oxygen 
was continuously bubbled. The nodal tissue aqueous e.Ktract employed was pre- 
pared from sheep’s heart after the method of Demoor and Rijlant (r, 2). 



Fig. 1. Rahhit’s leit auricle i.m- 
MEKSED IN locke’s SERUM. .Auriclc prepared 
at 2 hr. 20 min.; first twitching at 3 hr. 30 
min.; 4 hr. 55 min., addition of 5 cc. of aque- 
ous c.xtracts of Keilh-Flack nodes, inactivated 
through heat (60° C.) during half-hour. Ul- 
terior addition in vivo of associated adrenalin 
(5 drops of solution at j/jooo), acetylcholine 
(2 drops of solution at 1/ 10,000); 5 hr. 19 
min., rhythmical reaction, continuing until 
5 hr. 56 min.; 6 hr. 25 min., addition of asso- 
ciated adrenalin (3 drojis), acetylcholine (2 
drops); 6 hr. 28 min., rhythmical reaction 
continuing until 7 hr. 37 min. 


Fig. 2. Rabbit’s left auricle i.\i- 
MERSED IN locke’s SERUM. Auriclc prepared 
at 3 hr. 25 min.; first twitching at 5 hr. 20 
min.; 6 hr. 10 min., addition of 10 cc. of 
aqueous extracts of the nodal tissue inactivated 
through heat (60° C.) during half-hour; 6 hr. 
16 min., addition of associate addrenalin (5 
drops), acetylcholine (2 drops). A few minutes 
later, rhythmical reaction, until 6 hr. 45 min. 
(continuous) ; 6 hr. 45 min.-7 hr. 25 min., con- 
tinuation of the rhj'thmical reaction inter- 
mittently. 




Effect of Nodal Tissue Extracts on Left Auricle Activity. Addition of nodal ex'tracts 
can induce rhythm-automatism of the left auricle and make it sensible to adrenalin 
and acetylcholine, as has been demonstrated by Demoor and Rijlant. The present 
observations have shown that the association of adrenalin (5 drops of solution of 
i/iooo) and acetylcholine (2 drops of solution at 1/10,000) has better and longer 
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lasting effect than that of the same dose of adrenalin alone. Once the rhythm-automa- 
tism induced by the nodal tissue extracts ceases, it can be made to reappear by the 
addition of adrenalin plus acetylcholine much easier than through the addition of 
adrenalin alone. Similarly, when the rhythmic activity induced by the nodal tissue 
extracts has almost ceased, the rhythm of the contractions is no longer even, but 
occurs in groups; adrenalin alone is capable only of mcreasing the amplitude of each 
group of contractions, but the inclusion of acetylcholine causes the recovery of an 
even rhythm. 

If the nodal extract is heated for 30 minutes to 60° C. on a water bath, it will 
no longer be capable of inducing rhythm in the left auricle. However, this extract 
is still capable of making the left auricle sensible to the action of adrenalin. The 
addition of associated adrenalin plus acetylcholine to the left auricle, properly iso- 
lated, produces no rhythm reaction whatever. 

L^t Auricle Activity When Isolated, Sub 77 iitted to the Nodal Seated Extracts 
Action, Reactivated by Adrenalin and Acetylcholine. If to the nodal extract inactivated 
through heat, associated adrenalin and acetylcholine are added, the extract recovers 
its rh3rthm-inducing properties. These properties do not reappear through the addi- 
tion of adrenalin alone. 

"When the left auricle is submitted to inactivated extract, and later associated 
adrenalin-acetylcholine is added, it recovers the rhythm-inducing capacity. This 
rhythmical reaction is sometimes almost immediate, lasting and constant. On the 
contrary, the rhythmic action obtained through adrenalin alone is always late, 
less lasting and less constant. The rhythmic reaction appears to be always a function 
of the adrenalin/acetylcholine concentrations, when added to inactivated extract. 
In brief, the nodal extracts inactivated through heat recover their rhythm-inducing 
properties by the addition of a combination of adrenalin-acetylcholine. The latter 
permits inactivated extract to provoke reactions similar to those caused by non- 
inactivated nodal extract. 

These facts lead to the assumption that in the ‘inactivated’ extracts a substance 
exists (not self-rhythm-inducing), which may be called ‘pre-rhythmina’, and this 
substance under the action of acetylcholine and adrenalin becomes a rhythm-inducing 
substance, which may be termed ‘rhythmina’. On the other hand, and according to 
Loewi’s theory of the chemical mediators today universally accepted, the nerves 
as they are known act through chemical substances released at their extremities, 
acetylcholine and adrenalin. In the body, acetylcholine in the presence of the S3rm- 
pathetic substance (adrenalin) might act upon the *pre-rhy thmina’ (main characteris- 
tic substance of the nodal tissue), which might transform it into a rhythm-inducing 
substance. Moreover, the frequence of the heart rhythm would depend at all times 
on the relation to the acetylcholine-adrenalin, in action. 

SUMMARY 

Extracts of nodal tissue from sheep’s hearts change the ‘wild activity’ of the 
myocardium of the rabbit into rhythmic activity. Such extracts of nodal tissue when 
heated to 60° C. lose their rhythm-inducing capacity. Acetylcholine, in the presence 
of adrenalin (an association not rhythm-inducing by itself) acting upon extracts 
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inactivated by heat (not rhytlim-inducing by themselves) restores the rhythm- 
inducing property to these extracts. 

These facts are interpreted as indicating that acetylcholine in the presence 
of adrenalin acts upon a substance called ‘pre-rhythmina’ transforming it into a 
rhythm-inducing substance called rhythmina’. 

REFERENCES 

1. Demoor, J. and P. Rijlant. Bull. Acad. toy. de mid. de Belgique 24 April, 1926; Arch. Internal, 
de Physiol. 27: i, 1926. 

2. Demoor, J. and P. Rijlant. Ann. de Physiol. 12: 4, 1936. 

3. BDvberlandt, L. Das Herzhormon. Jena, 1930. 

4. ZwAARDEMAKER, H. Arch. n6erl. de physiol. 12: 520, 1928, 

5. Bain, W. A. Compt. rend. Soc. dc hiol. 109: 935, 1932. 

6. Deloyers, L. Arch, internal, de Physiol. 33: 163, 1928. 

7. De Roys, M. Arch, internal de Physiol. 43: 299, 1936. 

8. Fachini, G. Boll. Soc. Hal. hiol. sper. 9:9, 1934. 

9. Hoebars, M. Compt. rend. Soc. dc hiol. 98: 1242, 1928. 

10. Laubry C., M., j. VValser and L. Deglaude. Compt. rend. Soc. de hiol. 98:484. 

11. Mac Donald, C. H. and A. C. Mac Donald. Proc. Soc. Exper. Biol. & Med. 30: 786, 1932. 

12. Schtjermans, j. and R. R£my. Compt. rend. Soc. de hiol. iii: 157, 1932. 

13. Paes, E. Arch. Port. Science Biol. 5: 199, 1936; Compt. rend. Soc. de hiol. 131 : 654, 1939. 

14. Bacq, Z. and L. Brouha. Ann. de Physiol. 9: 679, 1933. 



INFLUENCE OF ACUTE EPINEPHRINE HYPERTENSION ON 
CALCULATED RESISTANCE OF CANINE FEMORAL 

VASCULAR BED 

RAYlvlOND P. AHLQUIST 

From the Dcparlmenl of Pharmacology, University of Georgia School of Medicine 

AUGUSTA, GEORGIA 

F lowmeters such as the rotameter or bubblemeter when used to measure 
arterial inflow delay the arrival of intravenously injected substances in the 
periphery by the time necessary to displace the blood in the flowmeter system. 
Tliere is therefore a short period of time during whicli the measured blood flow is 
under die influences of only the central vascular actions of the substance. When the 
femoral arterial flow of anesthetized dogs is measured by one of these meters, it 
will be found that during the acute pressor response to intravenous epinephrine the 
flow will increase at a faster rate than the pressure. Tliis will result in a decrease in 
the calculated resistance (P/F). As soon as the epinephrine has passed through the 
metering system and reached the femoral vascular bed there is an immediate de- 
crease in flow and an increase in resistance due to local vasoconstriction. 

This paper is concerned with an analysis of the factors whicli bring about this 
fall in calculated resistance during the time that the epinephrine is acting only central 
to tlie femoral vascular bed. 


GENERAL METHODS 

Dogs of either sex, weighing from 5 to 20 kg., were anesthetized with pento- 
barbital sodium (10-20 mg/kg.) administered intravenously about 30 minutes fol- 
lowing a subcutaneous dose of morphine sulfate (10 mg/kg.). Arterial blood flow 
was measured with a Shipley optically recording rotameter (i). Arterial pressure 
was recorded with either a Hamilton manometer (2) or a strain-gauge recording 
systemk Heparin^ was used as the anticoagulant and most of the dogs were atro- 
pinized (0.5 mg/kg.). Epinephrine (0.005 mg/kg.) was injected intravenously. 

The peripheral resistance was calculated by the simple formula P/F in which 
P is the mean arterial pressure in mm. Hg, and F the blood flow in cc. per minute. 
The arterial pressure was recorded from a side-arm in the rotameter circuit, since, 
as will be pointed out in this paper, arterial pressure recorded directly from some 
other artery, the carotid for example, is not necessarily the true arterial per- 
fusion pressure in the flowmeter system. The rotameter was calibrated in each dog 
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using a graduated cylinder and stop-watch. The calibration points always included 
the highest and lowest flows encountered, together with several intermediate points. 

As a check on the recording system the rotameter was used to determine the 
influence of pressure on the flow of water through a fixed resistance (glass tube). 
When the pressure was increased very suddenly the calculated resistance increased 
due to the inherent lag in the recording system. 'Wlien the pressure was increased 
less rapidly, at a rate comparable to that produced in vivo by intravenous epinephrine, 



Fig. I. PRESsuRE-rLow RELATIONSHIPS in femoral vascular bed during the acute hypertension 
induced by intravenous epinephrine. Records from above downward: Arterial perfusion pressure (open 
circles) in mm. Hg, arterial blood flow in cc/min., and P/P (see text) plotted against time (time 
marks at 2 sec. intervals). Bottom record: P/F plotted against arterial perfusion pressure. The P/F 
is plotted on a logarithmic scale for convenience only. A, mean results of 17 determinations uring the 
ordinary rotameter arrangement. B, mean results of 6 determinations using the long tube (see text) 
to delay the direct local action of the epinephrine. C, mean results of 6 determinations uang the 
long tube and recipient leg. D, result obtained by injecting epinephrine into the donor and recipient 
animals simultaneously. 

the calculated resistance remained unchanged. These results indicated that the 
effects to be described were not recording artifacts. 

RESULTS 

The ordinary rotameter arangement contained about five cc. of blood within 
the meter and connecting tubes. This volume of blood delayed the peripheral effect 
of epinephrine for 10 to 12 seconds. Figure lA illustrates the results obtained using 
this arrangement. 
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In order to delay further the direct peripheral effect of epinephrine and increase 
the observation period a plastic tube about twelve feet long was placed between the 
rotameter and its blood supply. This tube had a volume of about 50 cc. and delayed 
the peripheral arrival of the epinephrine 30 to 40 seconds. To prevent cooling of the 
blood the tube was coiled within the abdominal cavity of the dog. The results ob- 
tained with this arrangement are shown in figure iB. 

Two distinct phases in the falling resistance were apparent: the decrease during 
the rise in pressure (line A-A m. the figure) and the continuing decrease when the 
pressure was no longer rising (line B-B). In an attempt to separate these phases 
cross-perfusion studies were done. Arterial blood from a donor dog was led through 
the long tube and rotameter into the femoral artery of a recipient dog. Femoral 
venous blood from the recipient’s perfused leg was returned to the donor through 
another rotameter. The recipient leg was ligated tightly central to the cannulae to 
prevent interchange of blood between the two animals. The adequac}’^ of the ligature 
was demonstrated by the fact that epinephrine administered intravenously to either 
animal had no effect on the arterial pressure of the other and that atropine given 
to the donor did not atropinize the recipient. The recipient leg however, was atro- 
pinized as shown by the absence of vasodilator response to an intra-arterial injection 
of 0.02 mg. of acetylcholine. 

The results obtained on the administration of epinephrine to the donor are shown 
in figure iC. It will be seen that the second phase in the decrease in resistance was 
eliminated. This suggested that this phase was due to neurogenic factors resulting 
from the increase in arterial pressure. 

Epinephrine administered intravenously to the recipient dog only produced a 
marked increase in flow through the perfused leg with no change in the perfusion 
pressure from the donor animal. Epinephrine was then administered simultaneously 
to both donor and recipient with the results shown in figure iD. It will be seen that 
the second phase of the decreased resistance was present. 

To demonstrate that the nerve supply to the perfused leg was intact, and to 
attempt to block the neurogenic vasodilation, tetraethylammonium bromide (5 mg/ 
kg.) was administered intravenously to the recipient animal. An immediate increase 
in blood flow in the perfused leg occurred. When epinephrine was now administered 
to both animals simultaneously the second phase in the decreasing resistance was 
no longer present as shown in figure 2. 


DISCUSSION 

The decrease in calculated resistance in the femoral vascular bed during the 
acute pressor response to epinephrine is due to at least two distinct mechanisms. 
The first of these is related directly to the increasing pressure and is probably identi- 
cal to that described by Green et al. (3). These authors showed that as perfusion 
pressure increases the calculated resistance decreases and demonstrated that this 
phenomenon is probably due to vascular distention rather than to changes in ap- 
parent viscosity of the blood. The existence of vascular distention was easily ap- 
parent in our cross-perfusion experiments. Here, the rate of increase in arterial 
inflow was always greater than the rate of increase in venous outflow. During any 
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one response to epinephrine at least five cc. of blood entered the leg which was not 
immediately accounted for in the venous outflow. 

In the presence of maximal dilation (produced by the intra-arterial administra- 
tion of 20 mg. of sodium cyanide to the perfused recipient leg) the effect of vascular 
distention is eliminated as shown in figure 2. In this case the vascular bed behaves 
like a rigid tube and during the increase in pressure the P/F relationship becomes 
linear. This finding is in accord with the results of WTiittaker and Winton (4) 
who used a perfusion method in whicli the vascular bed was dilated. 

The second mechanism responsible for the decreasing resistance is reflex vaso- 
dilation. This effect does not occur in the denervated vascular bed (the perfused 
recipient leg) unless the arterial pressure of the recipient dog is elevated. There is 



Fig. 2. Pressure-flow relationships in femoral vascular bed. Ordinate: Blood flow in cc/ 
min. Abscissa: Arterial pressure in mm. Hg. The broken lines indicate the slopes of calculated re- 
sistances (P/F) of 0.5, I, 2, and 4. TEA~i, epinephrine to donor animal only following TEA to re- 
cipient animal. TEA-2, epinephrine to both animals following TEA to recipient. CYAN., epinephrine 
to donor following administration of sodium cyanide to recipient leg. Fig. iB plotted for reference. 

no reason to doubt that this is a demonstration of the classical concept of reflex 
dilation mediated through the pressure receptors of the aorta and carotid sinus. 
The dilation is due to a decrease in sympathetic vasomotor tone since the atropinized 
leg cannot respond to cholinergic impulses, and since there is no evidence for the 
existence of adrenergic vasodilator fibers in the dog’s leg (5). 

Although the marked decrease in calculated resistance due to elevated pressure 
as described in this paper is apparent only because of the recording method used, 
the mechanisms responsible for it — ^vascular distention and reflex dilation — are always 
operative. This can be shown by the difference in peripheral constriction produced 
by intra-arterial and intravenous epinephrine. Only a small intra-arterial dose of 
epinephrine (0.001 mg. total) is necessary to bring about complete cessation of blood 
flow in the dog’s leg. On the other hand, even large intravenous doses (0.005 to 
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0.05 mg. per kg.) do not produce cessation. In the latter case, after the direct periph- 
eral action of epinephrine is established, the blood flow is seldom below the control 
value, although the calculated resistance is high because of the elevated pressure. 

The reflex vasodilation encountered in this study was often of such a magnitude 
that a marked pressure drop occurred in the rotameter set-up if the intake cannula 
was of inadequate size. This resulted in a marked difference in the pressure recorded 
from the rotameter and that recorded from some other artery directly. It is ap- 
parent, therefore, that pressure recorded from the rotameter is not necessarily the 
true arterial pressure, and conversely, pressure recorded directly from an artery is 
not necessarily the perfusion pressure in the rotameter. 

Although only epinephrine was used as the pressor agent in this study the same 
results have been obtained with other agents which can rapidly elevate the arterial 
pressure. These include arterenol, cobefrine, ephedrine, phenylephrine, privine and 
pituitrin. 


SUMMARY 

The calculated peripheral resistance (P/F) of the canine femoral vascular bed 
is decreased during the acute pressor action of intravenous epinephrine before the 
direct action of epinephrine occurs. 

The decrease in resistance is due to vascular distention and neurogenic reflex 
vasodilation resulting from the increased arterial pressure. 

The influence of the decreased resistance on the direct local effect of epinephrine, 
and on the recorded arterial pressure is discussed. 
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RELATION OF INTRAVENTRICULAR DIELECTRICS TO THE 

UNIPOLAR LEADS^ 
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PHILADELPHIA, PENNSYLVANIA 

W HEN dielectrics as air, CO2, mineral oil etc. are placed in the right ven- 
tricle the initial ventricular deflection in direct leads from the anterior 
right ventricular surface are diminished, the normal RS complex being 
converted rapidly into a QS in most instances during the time that the dielectric is 
in the ventricle (i). The use of such agents could be a valuable tool for the study of 
the EKG. Of such dielectric substances, CO2 is most useful since recovery from its 
repeated use is the rule while the rest of the materials mentioned may cause the 
death of animals into which they are introduced. The careful mapping of the proxi- 
mal and distal areas of the anterior surfaces of the dog’s heart (2, 3) in relation to 
unipolar leads immediately suggested that COo might be used to lend support to or 
detract from the ‘interference theory’ of the production of the electrocardiogram. 

Since the gas (CO2) reaches only the right ventricle the possibility existed that 
it would selectively eliminate the contribution of either the pro.ximal or distal zones 
of any particular unipolar limb lead under investigation. Thus the unipolar EKG 
should be altered in a predictable manner. Furthermore, in the open chest, it is 
possible to change the position of the heart at will. By doing so, the anterior surface 
of the right ventricle could be brought into or out of either proximal or distal areas 
as desired and hence influence the EKG in a foreseeable way when this chamber is 
filled with carbon dioxide. 


METHODS 

Mongrel dogs of 5 to 15 kg. were used. Anesthesia was obtained by intravenous sodium pento- 
thal (20 mg/kg) and sodium barbital (150 mg/kg.). Electrocardiograms were obtained by use of 
three Cambridge Simplitrols where simultaneous leads were used. In other cases one or two ma- 
chines were utilized as indicated. Carbon dioxide gas was introduced via a femoral or Jugular vein, 
best through a cannula tied in the vessel. 

Comparisons of simultaneous unipolar and standard limb leads were made with a normal 
intact chest or a thorax opened by a sternum-splitting incision. Shifts in the position of the heart 
were obtained by tilting the animal toward the left or right (open chest) from its starting supine 
position, or, better, by packing the heart into its new position with cotton but allowing the animal 
to remain supine. Direct leads were obtained via a saline wick electrode, placed mth minimal pres- 
sure on the visceral epicardium. 
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To secure forced mechanical extras3'stoles a sharp needle was touched to the desired area. The 
point stimulated was usually indicated by a small hemorrhagic point. This point was useful in that 
the same area could be restimulated at will, allowing no doubt that identical points were used. 

RESULTS 

Ejjecl of Carbon- Dioxide in Right Ventricle on Sinmltaneons Pairs of Unipolar 
Limb Leads. Animals remained supine in these experiments. Sometimes a standard 
limb lead was run along with the pair of unipolar leads. This served as an additional 
check since it is possible to compute the standard lead from the tAvo related unipolar 
leads (3). These were both closed and open-chest experiments. 

Fifty to one hundred cc. of CO2 tvere given by vein while the electrocardiographs 
were running. Arrival of the gas at the heart was indicated by a ‘mill-wheel’ murmur. 
Continuous records were taken for several minutes after the murmur disappeared. 
VR and showed a decreased downstroke and an increased upstroke when com- 
pared to controls. In the R complex was often ‘M’ shaped and small, but the first 
movement of the beam Avas alAA^ays upward. Effects in VR Avere usually more marked 
than AAuth VL. The results in these tAvo leads indicate a reduced proximal zone effect 
Avith an increased distal zone effect. VF changes AA'ere regularly a decreased upAvard 
movement of the beam and an increased doAA'nAvard deflection. This is the effect 
obtained Avhen the proximal zone becomes more important and the distal zone less 
so. 

When all three zones are considered together it becomes apparent that the areas 
affected AA'hen carbon dioxide enters the right ventricle are PPD according to the 
scheme of Nahum, Chernoff and Kaufman (3) (AA^here each capital letter of the three 
given refers to proximal or distal area of VR, VL, and VF respectively). These 
effects are seen in figures i and 2. 

Effects of Carbon Dioxide in Right Ventricle on Unipolar Leads WheJi Positioji of 
Heart Is Shifted Within the Open Chest. If the boundary between proximal and distal 
zones could be localized on the anterior surface of the right ventricle then it should 
be possible to shift this border and hence the zones, in relation to the right ventricle, 
by changing the position of the heart AAuthin the chest. This boundaiy betAA^een 
proximal and distal zones AA^as localized by use of forced mechanical epicardial ex- 
trasystoles in exploring the anterior surface of the right ventricle. As seen in figure 
3, the boundary must exist someAvhere betAA'een points i and 2. The first point gives 
an upAA'ard beam movement (distal zone) and the second point a doAAmAvard deflec- 
tion (proximal zone). 

When the apex of the heart is moA'^ed to the animal’s left (fig. 4, anterior aspect of 
heart) point 2 has noAv entered the distal zone. This fact is demonstrated by the 
forced mechanical extrasystole from the same point which is now upright as com- 
pared to the control at the top or in figure 3. On the other hand, Avhen the apex of 
the heart is moA''ed to the anunal s right, as in figure 5} point i formerly in the distal 
zone has now become proximal. A forced mechanical extrasystole from point i 
now first moves the beam downward (proximal zone) Avhere it formerly moved 
upAvard (distal zone) as can be seen at the top or in figure 3. 

While such effects can be shown in all three leads it is best demonstrated in VL 
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(figs. 4 and 5). This is so because tlie distal zones on llie anterior surface for are 
small and roughly equal (2), being the right and left apical areas; consequently 
shifting the heart to the right makes the anterior right ventricle entirely proximal. 
Shifting the heart to the left brings the distal zone entirely on the anterior right 
ventricle. 

When carbon dioxide enters the right ventricle with the apex moved to the right 
the downward deflection of the beam decreases (])roximal effect) and upward deflec- 
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Fig. I. FEXLt\LE DOG, 5.6 kg. VF above, VR below. Two control beats at left. Millivolt signal 
indicates time during which loo cc. CO2 was injected into a femoral vein. Leads taken simultane- 
ously. 

Fig. 2 . Male dog, 12.0 kg. VR above, VL middle and lower. Two control beats at left of upper 
and middle. Lower is a continuation of middle; effects develop more slowly in VL. Millivolt signal 
indicates time during which 100 cc. CO2 was injected into a femoral vein. Leads taken simultane- 
ously. 

tions (distal effect) increase. This is shown in figure 6. ConverEel3q when the apex is 
placed more toward the left the downstroke (proximal effect) becomes larger and the 
upstroke, (distal effect) smaller. This is seen in figure 7. 

VR and VF are less useful in this demonstration. ^’R has the anterior surface of 
the right ventricle entirely in the proximal zone with no distal zone representation 
(2). VF has the anterior right ventricle entirety in the distal zone (2). Hence, shift- 
ing of the proximal and distal zones bj' changes in anatomic position is much more 
difficult. 
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Other Effects of CO2 in the Right Ventricle. All the standard leads show a decreased 
upstroke (R) and an increased downstroke (QS) with CO2 in the right ventricle. 

When carbon dioxide first enters the right ventricle extrasystoles often occur. 
These are, almost without exception in either VR or VF, in the same direction as 
forced mechanical epicardial extrasystoles obtained before or after, from the anterior 
surface of the right ventricle. In \'R they are downward, in VF, upward (fig. 8). 
In VL the direction is variable and not always in agreement with forced extrasys- 
toles. In one experiment simultaneous epicardial and endocardial leads, from points 



Fig 3 (left). Male dog, ii.i kg. Dog supine, ventral view. VL throughout. Forced mechanical 
epicardial extrasystoles. 1) Distal zone, e.xtrasystole bracketed by two normal complexes. 2) Proximal 
zone, 2 extrasystoles bracketed by 2 normal. 3, 4) Same as 2). 

Fig. 4 (center; same as fig. j). Above: Two control forced mechanical epicardial extras\’’stoles 
at point 2. Below: Forced mechanical epicardial extrasystoles at point 2 when apex of heart is ro- 
tated to animal’s left about an anteroposterior axis at the base, with no rotation on its long axis (6). 
Three normal beats bracket the extrasystoles above; 3 normal precede and 4 normal follow the 
extrasystole below. 

Fig. 5 (right; same as fig. 3). Above: Forced atECHANiCAL epicardial extrasystole at point i. 
Below: Forced mechanical epicardial extrasystole at point i when apex of" the heart is rotated to 
animal’s right as in fig. 3. Both above and below, the mechanical extrasystole is bracketed by 2 
normal complexes. 


directly over one another, gave extrasystoles in the same direction- during .carbon 
dioxide in the right ventricle (fig. 9). ■ . ^ aj:*.!,-; . . 


The effects of right intraventricular carbon dioxide are exerted principally against 
the anterior or ventral endocardial surface of that cavity in the supine position. 
Gas tends to come to the top. This has been shown to be so im venous gas embolism 
in patients (4) and animals (4) where turning the subject on the left side may be 
life saving. This maneuver floats the gas away from the pulmonarj'' conus which it 
has been obstructing. Several animals in this series were saved in this manner when 
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the dose of carbon dioxide proved to be too large. When the gas impinges on the 
anterior endocardial surface it eliminates or diminishes the role of this part of the 
heart from the proximal or distal zone it occupies, depending upon the particular 
unipolar lead under observation. Proximal zone activity moves the beam downward; 
distal, upward (2, 3). The mechanism whereby the CO2 acts is a subject for subse- 




Fig. 7 
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Fig. 6 (same as fig. j). Apex to right as in fig. 5. During millivolt signal 100 cc. CO2 injected 
into a femoral vein. 

Fig. 7 (same as fig. 3). Apex to left as in fig. 4. 100 cc. CO2 was injected into a femoral vein, 
from after second control beat to end of millivolt signal. 

Fio. 8. Male dog, 7.2 kg. Left: VF. Right; VR. Interruption of black bar in each case indi- 
cates duration of injection of 100 cc. CO2 into a femoral vein. These are simultaneously recorded. 

Fig. 9. Male dog, 6.5 kg. A, Epicardial lead; B, endocardial lead. Camera running at double 
standard speed. Records simultaneous from points directlj^ opposite one another. 100 cc. CO: in- 
jected after second complex shown. 


quent study and work now in progress. It is possible tliat CO2 on the endocardial 
surface produces a depressed area somewhat like KCl does on the epicardium. KCi 
sets up a neutral zone and permits recording of action currents from the other elec- 
trode (5). On the other hand it may be related entirely to the property of CO2 as a 
dielectric (i). 
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In the supine position VR has a proximal zone anterior which includes practically 
all the right ventricle (2). When gas is present this zone is eliminated and the distal 
zone predominates. As a result the downstroke decreases and the upstroke increases. 
In VF the right ventricle is almost entirely in the distal zone (2). Hence, elimination 
of this part of the distal zone decreases upward beam movements and accentuates 
the proximal zone effect of downward movements. With the proximal zone is 
the upper two thirds of the right ventricle and the distal zone is the lower one third 
of the same chamber (2). Therefore, carbon dioxide affects both zones but has a 
larger depressing effect on the proximal. Remaining distal zone effects predominate. 
Results are not so marked as in VR and VF but are ordinarily quite definite. The 
upward beam movements are often quite small and ‘M’ shaped. Thus it may be seen 
that all these results fit well wdth the 'interference’ theory and the proximal and dis- 
tal zones described (2, 3). 

Changing the heart position fits equally well into a ‘zonal interference’ concept. 
It is known that in standard limb leads, after rotation of the heart on its antero- 
posterior axis at its base with practically no rotation on its long axis, the direction 
of the major initial deflection of electrically induced extrasystoles is often reversed 
in one or more leads (7). VL is most useful in this respect and the right ventricle 
may be made to include most or none of the distal zone by shifting the apex respec- 
tively to the animal’s left or right. The difficulties which arise for the ‘cavity po- 
tential’ theory from the forced mechanical epicardial extrasystoles (used to outline 
the boundary between zones) are obvious. These oppositely directed extrasystoles 
are oriented -toward the cavity in an identical manner. ^Vllen the right ventricle 
includes most of the distal zone (apex to left) upward beam movements are de- 
creased and proximal downward movements increased with CO2. The opposite is 
true when the right ventricle contains none of the distal zone (apex to right). 

Extrasystoles induced by CO2 are downward in VR because this is a proximal zone 
entirely. From VF the right ventricle is almost entirely distal, hence the extrasys- 
toles are upward. is difficult to interpret because the right ventricle lies in both 
zones and stimulation may be proximal or distal from endocardial CO2 effects. With 
VR and VF forced mechanical epicardial and C02-induced endocardial extrasystoles 
have the same direction in any one lead under consideration. These findings fit well 
with a ‘zonal interference’ concept. Extrasystoles due to COo-in lead AT, may stimu- 
late either (or both) proximal or distal zones while a single epicardial stimulation 
would be confined to one or the other zone. Correspondence of direction in extra- 
systoles from endo- and epicardium in every instance under such circumstances is 
not to be expected. 

Leads directly from the epicardium with CV leads give an initial deflection which 
is upright (i). This then is a proximal zone effect which disappears with CO2 in the 
right ventricle. If a unipolar lead explores from the right wrist, up the right arm to 
the right shoulder, through the tissues of the base of the neck on to the great vessels 
and atrium, the initial deflection remains negative or downward until the electrode 
actually touches the anterior right ventricle (6). It then becomes upright. Thus, 
although in the direct lead it is upward, it is a proximal effect and disappears with 
CO2. This paradoxical finding is not explained and is a subject of future research. 

In standard limb leads, during administration of CO2, R is decreased and QS in- 
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creased because the factors tending to move the beam dovTiward are increased and 
those which tend to move it upward are decreased. For e.xample, let us consider 
lead II when CO2 is in the right ventricle. Normally, in lead II the QRS deflection 
is upright when the left leg is positive and the right arm is negative. With CO2 the 
right arm becomes positive and the left leg negative (see abo^T). The initial ventricu- 
lar deflection shows either a decreasing R and an increasing S or an actual QS under 
these experimental conditions. 

Acute dilation of the right ventricle is produced by carbon dioxide. Equal 
dilation caused by rapid injection of blood or compressing the pulraonar>^ artery’’ 
does not produce similar changes in the electrocardiogram (i). Buchbinder and 
Katz found that acute distension causes no change in the electrical axis (8). The 
changes due to carbon dioxide occur with the first or second beat, before any change 
in blood pressure has taken place or before the left ventricle experiences any de- 
crease in inflow. 


STOtMARY 

When an animal is in a supine position the dielectric carbon dio.xide placed in the 
right ventricle causes: a) reduced downstroke (QS) and increased upstroke (R) in 
VR; b) reduced downstroke (QS) and small increased upstroke (R) in c) in- 
creased downstroke (QS) and decreased upstroke (R) in \''F. 

Wflien the apex of the heart is shifted to tlie left, carbon dioxide in tlie right 
ventricle causes a large downward beam movement and a smaller upward one in 
\T.. WTien the apex of the heart is shifted to the right, carbon dioxide in the right 
ventricle causes a larger upward beam movement and a smaller downward one in 
VX. These results are best c.xplained by, and lend support to, a ‘zonal interference’ 
concept of the genesis of the electrocardiogram. 

Extras3'^stoles induced by carbon dioxide in the right ventricle are downward in 
VR and upward in VF. In VR or VF, mechanicallj’’ induced right sided epicardial 
extrasystoles and CO2 induced endocardial extrasystoles have the same direction in 
any one lead under consideration. 
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DETERMINATION OF KINETIC ENERGY OF THE HEART 

IN MAN! 


0 . PREC, L. N. KATZ, L. SENNETT^, R. H. ROSENMAN^, A. P. FISHMAN^ 

AND W. mVANG® 

From the Cardiovascular Department, Medical Research Institute, Michael Reese Hospital 

CHICAGO, ILLINOIS 

I N CALCULATING the work of the heart, the kinetic energy factor is usuall}'' 
neglected. This omission is the result of the impression that the kinetic energy 
comprises but a small part of the total work of the heart. The kinetic energy 
of the heart in the laboratory animals studied has been variously estimated to con- 
stitute from I to 25 per cent (i) of the total energy of the heart. If these data can 
be applied to man, the kinetic energy becomes a factor of considerable importance 
and neglect of this factor would significantly underestimate the total work of the 
heart. Furthermore, even though the kinetic energ)'^ factor in man at rest may be 
small, this factor may increase significantly under conditions associated with a high 
cardiac output such as stress, exercise and anxiety, and in some types of intracardiac 
defects. Thus it has been established by cardiac catheterization in this laboratory 
(2) and elsewhere (3, 4) that the stroke volume of the right ventricle may remain 
high despite the presence of marked congenital pulmonary stenosis. The velocity of 
flow through the stenosed orifice must be greatly increased not only on this account 
but also because of the decrease in cross-section area. A similar phenomenon occurs 
in aortic stenosis. 

Data and methods for the calculation of the total work of the heart in man are 
limited. This study was initiated in an attempt to establish the contribution of 
kinetic energy to the work of the heart in normal man utilizing techniques which 
have only recently become available, and which allow better definition of the in- 
dividual factors concerned in the calculations. Only after the normal range in man 
is adequately defined, can the evaluation of the work of the heart under stress or 
pathologic condition be attempted. 

Due to the limitations of available methods, it is obviously not feasible to ob- 
tain the total work of the heart in man by integration of the moment to moment 
pressure, output and velocity changes during the ejection period as was done in the 
turtle heart (5). Instead, approximation must be made by using the total output, 
and mean pressures and velocities in the calculations. It was previously pointed out 
(5) that the kinetic energy factor of the work of the heart is consequently under- 
estimated more than the potential energy factor. 
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Formulae. Il is agreed that the useful work of each ventricle is the external work (6). This con- 
sists of the pressure exerted upon the hlood to be ejected and the velocity imparted to it; it includes 
the work done in circulating the blond through the coronary circulation as well as the closure of 
the semilunar valves (6). The total external work of the heart (IT) is obviously equal to the sum of 
the work of both ventricles (IP/; and 11’;,), viz.: 

ir = ir,; + ir,. W 


Simplified formulae have been adopted to define the work of each ventricle. Thus, the work 
of the right ventricle is 

ifi'ii' 


IP/; = PuVu + 




( 2 ) 


where Pn is the mean pressure in the pulmonary arler\- just beyond the semilunar valves, P;; is the 
stroke volume of the right ventricle, .\f is the mass (stroke volume times the gravity of the blood 
(1.057 for men and 1.053 for women (7)), !•« is the average velocity of the blood at the root of the 
pulmonary artery during ejection, and ,1; is the gravitational constant. 

Similarh’, the work of the left ventricle is 


IPi. = PlV,. + - 

2R 


(i) 


where Pi. is the mean pressure in the aorta immediateh- beyond the semilunar valves, Vi. is the 
stroke volume of the left ventricle, vi, is the average velocity of the blood at the root of the aorta 
during ejection, and M and g arc as above. 

The total work of the heart thus becomes 


IP = 


^PftpR + 



Pt. Vt. + 


/ 


U) 


It is assumed that Vr equals P;, and .!//< equals .llj;, and so .If and 1' are substituted for 
them. The velocity (a) is directly proportional to the stroke output (I') and inversely proportional 
to the cross-sectional area (A) of the pulmonary artery or aorta and to the duration of ejection (T). 
Consequently' 


by' substituting the value of v given in formula 5 land P for d/’l in the formula for kinetic energy 
Kc = i17’ii2/3g, the following formula is obtained 


Ke = 


A-T‘ ^ 


{ 6 ) 


In tliese two formulae (5) and (d), Ke is the kinetic energy' and k and K are constants. 

Certain facts become apparent Irom formula 6: the stroke volume (P) is of paramount impor- 
tance in determining the velocity factor because it is a large variable which is cubed in calculating the 
kinetic energy'. The cross-sectional areas (A) of the pulmonary' artery and aorta are also significant 
factors not only' because they' are large and variable but also because their values are squared. On 
the other hand, the duration of ejection (T) is a small and fairly constant value (about 0.25 sec.) 
and consequently' of less significance. 


METHODS AN'D M.ATERI.AL 

Only subjects known to have normal hemoglobin values and to be free of cardio- 
vascular and pulmonary disease were chosen for this study. The patients were 
studied postprandially, at rest and without sedation. The conditions approached 
the resting state except for the excitement associated with the catheterization and 
angiocardiographic procedures. 
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Cardiac catheterization (8) and angiocardiography® (9) were used to obtain the 
data required by the above formulae. Mass was calculated from the stroke output 
(F) as obtained by catheterization of the right heart. The duration of the ejection 
period (T) was measured from the pressure curves recorded through a catheter placed 
in the main pulmonary artery directly above the pulmonic valve. A Hamilton 
manometer was used to record pulmonary arterial pressure. In some of the cases the 
Sanborn capacitance electromanometer was used. The potential energy of the left 
ventricle (P/JO was calculated with the assumption that the mean pressure in the 
root of the aorta exxeeds that in the brachial artery by 35 mm. of mercury. The 
mean pressure in the pulmonary artery was measured directly from the pressure 
curve by dividing the sum of the systolic and diastolic pressures by two. 



Fig. I (Left). Angiocardiogram of patient 4 in left anterior oblique position showing (h 
where the measurement of the diameter of the pulmonary artery is made. Discussed in text. 

Fig. 2 (Right). Angiocardiogram of patient 4 in left anterior oblique position shoMung (h) 
where the measurement of the aorta is made. Discussed in text. 

Angiocardiography with the patient in the left anterior oblique position was 
used to measure the diameters of the pulmonary artery and aorta necessary for the 
calculation of the respective mean velocities. Measurements of these vessels as ob- 
tained at autopsy were deemed inadequate for the calculation of velocity of blood 
flow in the living state. In order to minimize the error arising from cyclic variations 
in diameter of these vessels, average values were obtained from serial angiograms 
for use in the formula. A fixed reference level for both vessels was used (figs, i and 2). 
The diameter of the aorta was measured approximately 2 cm. above the greatest 
diameter of the root of the aorta. The diameter of the main pulmonary artery was 
taken approximately i cm. below the bifurcation of its left and right branches. 

To m inimize the distortion in recording the measurements of the vessel diameters 

‘ Diodrast used m these studies was obtained through the courtesy of Winthrop Stearns Co. 
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a perforated metal grid was constructed containing holes to mark off the corners of 
one-centimeter squares. A control roentgenogram of the chest was made. Tlie grid 
was then placed at a distance from the cassette calculated to represent the plane of 
the patient’s heart and the control film was re-exposed. The images of the grid holes 
were thus superimposed upon tlie control film. By determining the distortion of one 
marked centimeter, at the tube distance used, it became possible to correct for dis- 
tortion of the vessel diameter under consideration in successive films. 

ItESULTS 

The angiocardiographic measurements of the diameters of the pulmonary arter}’^ 
and aorta are indicated in table i. Catheterization data and calculated kinetic ener- 
gies for the right and left ventricles are summarized in table 2 ; all values are given 
per beat and in gram-centimeters. 

The diameters of the pulmonary arter}'- ranged from 2.3 to 3.5 cm.; those of the 
aorta from 2.3 to 3.1 cm. There is considerable variation in the size of both vessels, 
with no fixed ratio of aortic to pulmonary arter}'^ diameter. These data indicate the 


Table i. Measurements of diameters of pulmonary artery and aorta in six normal subjects 


PATIENT NO. 

SEX 

AGE 

DIAMETER OT 
PULMONARY 
ARTERY 

DIAMETER OF 1 
AORTA 

CROSS SECTION 
AREA or 
PULMONARY 
ARTERY 

CROSS SECTION 
AREA or 
AORTA 



yr. 

cm. 

cm. 

cm.* 

«m.’ 

I 

M 

36 

3-23 

3-10 

8.23 

7-54 

2 

F 

37 

2.70 

2.30 

5-71 

4.14 

3 

F 

IS 

2.32 

2.75 

4.23 

5.98 

4 

M 

S6 

3 -So 

4-35 

9.60 

14.92 

5 

F 

26 

2.50 

2.90 

4.90 

6.59 

6 

F 

34 

2.62 

2.42 

5.60 

4.60 


large margin of error which may be introduced by application of mass postmortem 
measurements in the calculation of the work of the heart in an individual living 
subject. The possible errors in estimating vessel size in a given patient are further 
indicated by the large necropsy series of Suter (10), Kani (ii) and Kaufmann (12) 
as well as the angiocardiographic measurements of Dotter and Steinberg (13) and 
Vaquez (14). Age, body build and surface area seem to affect vessel size. Conse- 
quently, in view of the significance of the cross-sectional area in the calculations, 
dynamic measurements of the aorta and pulmonary artery in the individual under 
consideration must be employed in the calculation of the heart’s work. 

Two other factors to be considered in calculating the work of the heart are the 
duration of ejection and the diastolic pressure (15) in the vessel under consideration. 
The ejection period was found to be relatively constant and small, varying between 
0.26 and 0.30 seconds. The diastolic pressure represents the magnitude of drainage 
from the peripheral branches of the main vessels, and is also relatively constant in 
the systemic circuit (ranging between 75 and 82 mm. Hg) and in the pulmonary 
circuit (ranging between 5 and 14 mm. Hg). Hence these two factors have little 
significance in modifying the value of the kinetic energy output. 
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As mentioned above the stroke output is the most significant factor in deter- 
mining the kinetic energy of the ventricles. The values for stroke output in cases 3, 
5 and 6 are closely grouped. The velocities vary between 33 and 46 for the pulmonary 
artery, and 29 and 40 cm/sec. for the aorta. The corresponding kinetic energy values 
for the right ventricle vary from 31 to 65, and for the left ventricle from 25 to 46 
gm.cm. per beat. Case 2, with comparable vessel size, represents an example of a 
high stroke output (doubtlessly due to excitement). The comparison of this case 
with any of the previous group shows that the increase in stroke volume causes an 
increase in the kinetic energy of approximately 400 per cent for the right ventricle 
and 1200 per cent for the left ventricle. Cases i and 4, particularly the latter, repre- 
sent a combination of high stroke output and large cross-sectional area of the vessels. 
Despite the relatively high stroke output, the velocity of flow and the kinetic energy 
for 'both ventricles were the lowest in the series. 


Table 2. Hemodynamic data obtained on six normal subjects 


PATIENT NO. 

Stroke Output 

Pulse Rate (bcats/min.) 

Mean Pulmonary Arterial 
Pressure 

Estimated Mean Aortic 

Pressure 

Duration of Ejection 

eight heaet 

LEFT HEAET 

TOTAL OP BOTH 
HEARTS 

Potential Energy' 

Velocity in Pulmonary 
Artery 

Kinetic Energy* 

§ 

> 

h 

M 

0 

e 

0 

«> 

a 

s 

Total Energy 

Potential Energy 

Velocity in Aorta 

1 

u 

a 

W 

0 

•.3 

0 

Q 

M 

Kinetic Energy 

Total Energy 

Potential Energy 

Kinetic Energy 

Kinetic Energy 

Total Energy 




mm. 

mm. 


gm. 

cm/ 

gm. 



gm. 

cm./ 




gm. 

gm. 






Bg 

Bg 


cm.^ 

see. 

cm.^ 




sec. 

cm.^ 



em.t 

cm.^ 



I 

104 

52 

14 

135 

0.26 

1970 

48.6 

130 

6.2% 

19000 

53-0 

160 

0.84% 

21000 

290 

1.4% 

2 

94 

78 

II 

141 

0.26 

1400 

63-5 

200 

12 

5% 

17900 

87.4 

390 

2.13% 

19300 

590 

3«i% 

3 

S8 

80 

13 

133 

0.30 

1018 

45-7 

65 

6.0% 

10400 

32.2 

33 

0.32% 

1 1400 

98 

0.9% 

4 

89 

70 

18 

123 

0,28 

2170 

33-1 

52 

2.4% 

14800 

21.3 

20 

0.17% 

16500 

72 

0.4% 

5 

S 7 

74 

12 

129 

0.30 

923 

38.8 

46 

4.7% 

9900 

00 

bo 

25 

0.25% 

10900 

71 

0. 

6% 

6 

52 

82 

12 

130 

0.28 

842 

33-2 

31 

3 - 6 % 

9100 

40.4 

46 

0.45% 

lOOOO 

77 

0 . 8 % 


* Per beat 


As expected, the ratio. Kinetic Energy/Total Energy X 100, which is an ex- 
pression of the proportion of energy utilized by the ventricle in imparting velocity 
to the blood, is much higher for the right than for the left ventricle, since the pres- 
sure in the pulmonary artery is only about one sixth that in the aorta. 

DISCUSSION 

It is obvious from this analysis that the kinetic energy is a significant factor in 
the work of the human heart. However, the accuracy of the methods used in this 
study for its determination is limited by the accuracy with which individual factors 
can be measured and by certain simplifications and basic assumptions. The cath- 
eterization technique is now well-established and the accuracy and reliability of the 
results when measured under properly stabilized conditions is generally accepted. 
The duration of ejection can also be obtained with reasonable approximation pro- 
vided the basic principles of registration technique are not neglected (16, 17). 
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Errors may be introduced due to other factors involved in the calculation. The 
changes in diameter of the vessels during the cardiac cycle and the mechanical dis- 
tortions of the angiocardiographic measurements are only partly corrected with the 
procedures mentioned above in obtaining an average diameter at a chosen reference 
point. The elastic vessels respond to pressure changes during the cardiac cycle mth 
a corresponding change in volume. In our group of cases the volume changes of the 
aorta were secondary to pressure changes ranging from 8o to 130 mm. Hg. This 
pressure-volume relationship has been thoroughly investigated by Hallock and Ben- 
son (18) in man using necropsy material. From the curves they plotted of the abso- 
lute volumes of aortas of different age groups against varying pressures, it can be 
seen that in the 30-year age group the volume increases per imit of length from 2.4 
at a pressure of 75 mm. Hg to 2.9 cc. at 125 mm. Hg. In the 50-year age group the 
volume at 75 mm. Hg is much the same as in the 30-year group, increasing to 2.7 
cc. at a pressure of 125 mm. Hg. They evaluated the application of these necropsy 
data to living patients of the same age using Moen’s formula: 

% increase in volume per mm. Hg in pressure = ( pulse wave/ 

and found that the data in their in vivo series coincided with the data from necropsy 
aortas within 6.4 per cent. Further, when the ‘elastic after-action’ was considered, 
the average difference was only 2,6 per cent. No similar data are available for the 
pulmonary arteries. It may be assumed, however, that an error of the order of about 
± 10 per cent may be introduced because of the phase of the heart cycle in which the 
vessel diameter is measured. 

The assumption has been commonly made in calculating the kinetic energ}" 
that the flow is uniform in the cross-section of the aorta and pulmonary artery. 
This is, of course, not true theoretically, and recently Ralston and Taylor (19) have 
obtained data that confirm the view that there is a laminar flow through the dog’s 
aorta, flow being greatest in the center and least in the part of the vessel adjacent 
to the vessel wall. 

Differences in the values for stroke volume, size of vessels and velocity of flow 
between smaller animals and man raise the possibility that turbulent flow may exist 
in the root of the aorta and pulmonary artery in man. No experimental method has 
thus far been developed which can be applied to man to ascertain the basic pattern 
of flow in the aorta and pulmonary artery. An estimate of probability of turbulent 
flow may be reached by means of Reynolds formula. Reynolds has shown that if the 
velocity of flow through a given tube exceeds a certain critical level, turbulence may 
be expected. We have the formula Re — Dv/d (20), where D is the diameter of the 
vessel, V the mean velocity and d is the kinematic viscosity (0.0169) for blood. The 
value given by this calculation is in abstract terms and the critical number (limit) 
above which turbulence should be expected is given as 2000. In applying our data to 
Re3mold’s formula, we found that the values were far above this critical limit (table 
3). This would imply the existence of a turbulent flow in the roots of both vessels. 

If we accept this possibility, a clear cut differentiation should be made between 
the kinetic energy of the flowing blood, and the energy expended by the ventricles 
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in setting the blood into motion. The energy expenditure and the kinetic energy of 
the blood would no longer be equal, because a considerable part of the energy of the 
ventricles would be dissipated and lost as a result of the turbulence. This important 
distinction between the kinetic energy of the flowing blood and the energy expendi- 
ture of the ventricles was particularly stressed by Visscher (21). These factors of 
turbulence and parabolic flow are limiting factors in the accurate determination of 
kinetic energy. Both lead to an underestimation. 

Finally, Katz (5) in the turtle heart has shown that the use of mean pressure 
and mean velocity in calculating the external work of the heart underestimates both 
forms of energy, and also alters the calculated distribution of the work between these 
two forms. He has also shown that the magnitude of error varies, and is influenced by 
various factors, such as augmentation of the initial volume, fatigue of the myocardium 
and type of contraction. These data, when translated to man, lead to the conclu- 
sion that the potential and particularly the kinetic energies calculated by us tend 
to be underestimated. 


Table 3. Reynolds numbers foe pulmonary and aortic flows 


PATIENT NO. 

PULMONARY FLOW 

AORTIC FLOW 

I 

9000 

10000 

2 

10000 

12000 

3 

6000 

6000 

4 

7000 

6000 

5 

6000 

5000 

6 

5000 

6000 


The use of the accepted formulae for the estimation of kinetic energy in con- 
genital malformation of the heart (22) appears to us to be valid only in instances of 
isolated stenosis of the outlet valves. The presence of shunts and confluent flows in 
other congenital cardiac lesions create a situation for which the conventional formu- 
lae were not designated. 

Our results of kinetic energy are significantly higher than those given recently 
by Bing (22), The discrepancy is due to the difference in formulae employed. The 
data given by Bing are: stroke output 67 cc.; area of pulmonary artery and aorta 
5.14 cm .2 and 3.9 cm.-, respectively. His data for the cross-sectional area is taken 
from necropsy material. The velocity of flow from the right heart, as calculated by 
Bing, was 43 cm/second, closely approximating our results. His velocity of flow from 
the left heart (57 cm/sec.) is greater than our calculated results due to his use of ne- 
cropsy data. These yield a smaller cross-sectional area of the aorta than we have 
found in the Ihdng patient by angiocardiography. In calculating the kinetic energy, 
Bing used the formula: Mv/2g whereas we used the generally accepted formula for 
kinetic energy Mv~/2 g. As a result he gives 1.46 and 1.94 gm. cm/second as the 
kinetic energy of the right and left ventricles respectively. Applying Bing’s data to 
the formula, Ke = ilfcVa g, one obtains 62 gm. cm/second for the right heart and 
III gm. cm/second for the left heart. 
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While we have made a serious attempt at calculating the kinetic energy and total 
work of the heart which newer techniques have permitted, it would only be proper 
to leave the impression that these are still approximations of the order of ±15 percent 
of the true values obtainable with mean values. As techniques improve these calcu- 
lations should become more accurate. The results are sufBciently clear, however, to 
indicate that neglect of the kinetic energy is not justifiable in calculating the work 
of the heart in man particularly in the case of the right heart. 

Recognition of the fact that stroke volume is by far the most important factor 
in determining the kinetic energy permits a rough index to be obtained of the kinetic 
energy of either or both ventricles. This can be calculated by cubing the cardiac 
output per minute and dividing by the square of the diameter of the aorta or pul- 
monary artery. Thus, with an output of 5 1 /minute and a diameter of the aorta of-3 
cm., the index would be 125/9; ^ the output were 10 1/minule with the same diam- 
eter, the index would be 1000/9; if diameter were 2 cm. the index would be 

125/4- 

SUMMARY 

An approximation of the kinetic energy of the heart and velocity of flow in the 
aorta and pulmonary arter}'^ was made in 6 normal adults by means of angiocardi- 
ography and cardiac catheteriaation. T' e formulae used were Ke = g. Veloc- 

ity (v) was calculated from the formula v = V/TA where V is stroke output, T 
is duration of ejection and A is cross-section area of the aorta or pulmonary artery. 

The validity of the basic data and assumptions necessary for the calculations 
are discussed. The values for the kinetic energy expressed as a percentage of the 
total energy varies from 2.4 per cent to 12.5 per cent for the right heart, and from 
0.25 per cent to 2 per cent for the left heart. Stroke volume is by far the most im- 
portant factor in determining the kinetic energy but other factors such as the caliber 
of the aorta and pulmonary artery are important. 

The intrinsic limitations of the assumptions and calculations suggest that our 
data may underestimate the energy expended by the ventricle in imparting velocity 
to the blood. The kinetic energy increases markedly under stress. Neglect of this 
factor will therefore significantly underestimate tlie work of the heart of man. 

The existence of turbulent flow in the roots of the aorta and pulmonary artery 
are suggested by the high Reynolds numbers obtained. As a direct corollary, distinc- 
tion is made between the kinetic energy of the blood in the roots of the great vessels 
and the energy expended by the respective ventricles in setting the blood into motion; 
the latter being the greater. 

An index of kinetic energy is suggested which gives a rough idea of the order of 
change with variation in cardiac output and with changes in blood vessel caliber. 

We are indebted to other members of the Department for assistance in carrying out the ob- 
servations. 
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REPOLARIZATION IN THE DOG VENTRICLE: 
EFFECTS OF HEATING AND COOLING 
ENTIRE EPICARDIAL SURFACE^ 

LEONARD C. AKMAN», EARL N. SILBER, ALBERT J. MILLER and 

LOUIS N. KATZ 

Prom the Cardiovascular Department^, Medical Research Iiisliiulc, 

Michael Reese Hospital 

CHICAGO, ILLINOIS 

T he contribution of the subendocardial myocardium to the electrocardiogram 
has recently become a subject of renewed interest. An answer to this problem 
has been sought in a number of ways both experimentally and clinically. 
Lewis (i) found by eliciting premature systoles from points on the endocardium and 
epicardium of the right ventricle which faced each otlier, that the epicardial prema- 
ture systole consisted solely of an R wave and the endocardial premature systole 
had a Q preceding the R wave. This demonstration led to the conclusion that an 
endocardial-epicardial potential difference developed during depolarization which 
was reflected in the electrocardiogram. By similar reasoning the T deflection of the 
electrocardiogram was thought to be produced by differences in onset and rate of 
return of the endocardial and epicardial ventricular muscle from the excited to the 
resting state. 

This concept was applied to an analysis of the limb leads by Gardberg and Ashman (2), ampli- 
fied by Bayley (3), and extended to the chest leads by Wilson and his associates (4-7). The latter 
regarded the V precordial leads as semi-direct leads from the anterior ventricular surface (7). Al- 
though generally in accord Avith the deductions of Wilson, Katz and his associates (8-10) 
have taken exception to this meaning of the chest leads. Studies of the distribution of the surface 
potential over the chest during various phases of registration of QRS demonstrated that the surface 
fields were asymmetric and showed peculiar concentrations and dispersal of potential lines. They 
were unable to substantiate any major preferential depiction by the precordial leads of events in 
regions of the heart beneath the chest electrode, and concluded that the chest leads record at any 
given point “the orderly alteration of the electrical field created by the passage of the impulse 
throughout the heart (and the restitution process) without the exertion of undue influence by the 
activity of the region of the heart beneath the electrode upon the potentials the latter records” (n). 

Nahum and Hoff and their associates (r2-i6), in a series of e.xperiments have more precisely 
defined the field theory in terms of specific regions of the heart. By means of impressed potentials 
they were able to delineate the the surface of the heart into two zones, a pro:dmal and distal, which 
when made negative with respect to the rest of the heart resulted in a downward or upward deflec- 
tion in the lead of the reference electrode, limb or precordial. They found that premature systoles 
experimentally induced in any part of the proximal zone, endocardial or epicarial, were identical 
in contour. The same was true of the distal zone, but the premature systoles were in a direction op- 
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posite to those in the projdmal zone. An earlier demonstration of the existence of such zones based 
upon the contours of epicardial premature systoles is to be foimd in the papers of Abramson and 
Wemstein (17) and Abramson et al. (18) whose results correspond precisely with those reported later 
by Nahum, Hoff and their associates. Nahum, Chemoff and Kaufman (13-15) also determined that 
S-T elevations occurred only with surface injury in areas constituting the proximal zone and S-T 
depressions with injury in the distal zone. And finally (13-15), by local cooling and heating, they 
found that the T wave became more positive when repolarization was accelerated in the proximal 
zone or slowed in the distal zone; conversely, the T wave became more negative when repolarization 
was slowed in the proximal zone or accelerated in the distal zone. It is of interest that in an earlier 
study by Hoff and Nahum (19) altering repolarization by the same thermal methods yielded quali- 
tatively opposite effects on the T wave in the left as compared with the right ventricle, but identical 
results everywhere on the surface of the same ventricle without regard to proximal or distal zones. 
From all these experiments Nahum and Hoff concluded that an endocardial-epicardial potential 
difference during activity contributes nothing to the electrocardiogram, and that each limb or pre- 
cordial electrocardiogram represents the algebraic summation of forces developed during excitation 
and recovery of proximal and distal zones of the heart relative to the reference electrodes. 

This apparent controversy led to our reinvestigation of this problem. In con- 
sidering an approach to the study of the role of the subendocardial myocardium to 
the genesis of the electrocardiogram, the method of perfusing the pericardial sac 
seemed to be a ready means of changing the temperature of the entire epicardium rela- 
tive to the endocardium, quantitatively and temporally to approximately the same 
extent, with a miniTnum of trauma to the myocardium and Purkinje system. It has 
the advantage of avoiding the inherent pitfalls which are present in drawing inferences 
as to the behavior of the whole heart from experiments in which but local changes 
are induced. We share with Byer, Toth and Ashman (20) the opinion that principles 
which operate during repolarization may apply also to changes occurring during 
depolarization. 

METHODS 

Thirty-five experiments were performed on 7 dogs. The procedure consisted of 
heatmg and cooling the entire epicardial surface and recording the effects upon the 
electrocardiogram in the standard and aV limb leads. Each animal was deeply 
anesthetized with sodium pentobarbital (25-35 ^agAg. of body weight). The chest 
was opened through the 5th intercostal space, and respirations maintained artificially. 

Cooling and warming of the entire epicardial surface was accomplished by per- 
fusing the pericardial sac with isotonic saline solution of varying temperatures 
(42°, 50®, 30°, 20°, i5°C.). The solution was introduced and drained via two flanged 
glass cannulae inserted into the pericardium to provide a water-tight inlet and outlet. 
A small rubber sleeve was pushed down over each cannula to seal the pericardium 
to the flanged end. 

Following a control electrocardiogram, saline solution at 37®C. was allowed to run 
into the inlet cannula from an overhead container at a rate of 75 cc/minute until 200 
to 250 cc. had been circulated through the pericardial space. During this procedure a 
second electrocardiogram was taken to compare with the first in order to note possible 
effects produced by perfusion with normal saline at body temperature. Following 
this control experiment, the pericardial sac was perfused with saline solution of 
varying temperatures, during which time the electrocardiograms were taken. Each 
subsequent experiment was performed only after restitution of the electrocardiogram 
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had occurred. Extremes of temperature were arbitrarily limited to the point of pro- 
ducing S-T segment changes. A direct writing electrocardiograph^ was used. In 
every instance both standard and aV limb lead recordings were made before, during 
and at varying intervals after epicardial temperature alteration. 

Pericardial tamponade was avoided by providing a large outlet which permitted 
the free escape of fluid from the pericardial sac. The rate of perfusion was maintained 
relatively constant throughout all the experiments on any one animal. Complete and 
rapid circulation of the perfusion fluid was effected by the churning action of the 
heart itself. The almost immediate appearance and quantitative recovery of the 
fluid at the outlet was evidence of the efficiency of this pumping action. The tempera- 
ture of the fluid while circulating through the pericardial sac was little different from 
that at the time of entrance, since it changed less than 2“C. when recorded at the 
outlet. 

RESULTS 

Warming Entire Epicardial Surface. Typical changes are shown in figure i 
The standard limb leads showed like dianges with all degrees of heating in 5 of the 7 
animals studied. In these experiments, warming the epicardial surface caused the T 
waves to become more positive, the degree of change from the control tracing varying 
directly with the temperature of the saline perfusate. In the remaining 2 animals, 
warming caused the T wave to become more positive in leads 11 and m, but negative 
in lead I. In one of these, the change in lead I was slight, in the other an upright T 
became definitely inverted. Warming the epicardium caused consistent changes in 
the aV leads in all animals studied; the T wave became more negative in aVR and 
aVL, and more positive in aVF. As in the case of the standard limb leads, the degree 
of change in direction of the T wave was directly proportional to the temperature of 
the saline solution used. 

In 2 animals quantitatively significant S-T deflections occurred with maximal 
epicardial warming. In these instances the direction of S-T deviation in all leads was 
always opposite to the induced direction of the T wave. In no instance did the degrees 
of warming used cause the duration of QRS to change by more than o.oi seconds. 
Warming of the heart surface occasionally produced slight changes in the amplitudes 
of QRS when saline solution of 5o°C. was used. The direction of QRS and its phases 
remained constant throughout the warming experiments in each animal, even though 
they were slightly altered in amplitude by maximal warming. Thus the changes in 
the net area of QRS were negligible with warming of the epicardium. The heart rate 
changes that occurred with epicardial heating were also minimal. Warming experi- 
ments had essentially no effects on the duration of the Q-T interval. 

Cooling Entire Epicardial Surface. Typical changes are shown in figure i. Cooling 
of the epicardial surface caused the T waves in the standard limb leads to become 
more negative in 5 of the 7 animals studied. The degree of induced negativity was 
directly proportional to the coldness of the saline solution used. In the other 2 animals 
cooling caused the T wave in leads 11 and III to become more negative and the T in 
lead I to become more positive. These 2 dogs were the same in which the changes in T 
in lead I were opposite to that in leads II and III when the epicardial surface was 
warmed. In 5 animals, cooling caused the T wave to become more positive in aVR and 
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a\rL, and more negative in aVF. The T wave became more negative in aVL in the 
remaining 2 animals. These 2 dogs were not the same as those in which discrepant 
changes were found in lead I. 

Extremes of cooling consistently induced S-T deviations in the opposite direc- 
tions to the T wave change. In 2 animals cooling the epicardium with a saline per- 
fusate of i5°C. caused the duration of QRS to increase a maximum of 0.015 seconds. 
The QRS duration did not change more than o.oi seconds in any of the other experi- 
ments of epicardial cooling. Maximal cooling caused a slight alteration in the ampli- 
tude of QRS; cooling with saline solution at 3o°C. caused minimal and negligible 


I . I H aVR aVL aVF 



Fig. I. Typical example of one experiment illustrating results of onlj- extremes of temperature 
emploj'ed. Heating caused the T wave to become more positive in the standard limb leads, more 
negative in aVR and aAT., and more positive in aVF. Cooling caused the T wave to become more 
negative in the standard limb leads, more positive in aVR and aVL and more negative in aVF. 

dianges. As with warming, the phases of QRS were not altered significantly either 
m contour or temporal relationship. Moderate epicardial cooling caused slight slowing 
of the heart rate. Perfusion with solutions at is°C. caused definite cardiac slowing. 
The duration of the Q-T interval was increased in direct proportion to the coldness 
of the perfusate, with the greatest increment occurring when the temperature of the 
saline solution was lowered to i5°C. from 2o°C. 

DISCUSSION 

A relatively simple concept can adequately explain the changes observed in the 
T waves in these experiments. It is generally accepted that a cooled surface of the 
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heart is electrically negative with respect to an uncooled surface during activity. 
Our results during inscription of the T wave coincided with predictable changes which 
theoretical considerations based upon the above principle would lead us to anticipate; 
namely, cooling of the entire epicardium led to a reversal in direction of the T wave 
where it was previously upright and to diminished negativity or reversal of direction 
where it was originally inverted. Conversely, heating the epicardium led to an in- 


Fig. 2. Diagramautic repre- 
sentation of effects of induced 
local and general changes in subepi- 
cardium on repolarization. In grc/i/tj 
A, B, C and D the dash line sepa- 
rates proximal zone (below) from 
distal zone tahove). In ail graphs 
the septum is omitted for sim- 
plicity and only the thinner right 
and thicker left ventricle is shown 
(in a large electrically conducting 
medium) together with an explor- 
ing electrode in the outside medium 
(connected in such a way as to be 
approximately unipolar). Graphs A 
and B show tliat the direction of 
displacement of S-T in the proxi- 
mal and distal zones as reported by 
Nahum and Hoff is a consequence 
of the particular injury interface 
which is oriented toward the ref- 
erence electrode. Graphs C and D 
show how tins same principle ap- 
plies to directional changes in the 
T wave with cooling of the epicar- 
dium in the proximal and distal 
zones. E shows how heating the en- 
tire epicardium causes the T wave 
to become more upright. F shows 
how cooling the entire epicardium 
causes changes in T wave opposite 
to that in E. This entire handling 
is based on the same principle em- 
ployed in a previous report from 
this department (22). 



crease in height of the T wave where it was previously upright and to diminished 
negativity or reversal of direction where it was originally inverted. It is apparent, 
under the condition of these experiments in which temperature changes ever3nAdiere 
in the subepicardium were essentially the same, that only an endocardial-epicardial 
gradient of potential difference developing during repolarization could account for 
the observed alterations in the direction of the T wave. It is of little moment so far 
as the net effect is concerned whether one cools the epicardium or heats the endo- 
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cardium, or the converse. Therefore, our. results are as readily interpreted in terms 
of an altered electrical state of the endocardium as of the epicardium. 

Objections to a study of this nature because of the possibility of introducing 
artifacts such as air pockets, displacement of the heart, or T-wave changes incident to 
cooling of the heart surface by open-chest technique are irrelevant to our results: 
repeated control records were taken before and after each increment of temperature 
change, and only after restitution to previous control contours had occurred were 
subsequent alterations produced. 

It is of interest that cooling the epicardium regularly prolonged the Q-T inter\'al, 
but, contrary to the experience of Byer et al. (20) and Nahum and Hoff (21) changes in 
the net area of QRS were, on the whole, negligible except with extremes of cold. The 
explanation for this is not apparent in view of the fact that the differences in net 
area of QRST were such as to indicate the effect of cooling was considerable. 

Pertinent to the problem of the significance of the subendocardial myocardium 
is the recent study by Hellerstein and Ratz (22) concerning the effects of subepicardial 
and subendocardial injury. Employing direct epicardial and intracardiac electrodes 
they demonstrated that during the activated state the junction of the injured and 
uninjured regions was negative; the junction of injured area with the heart surface 
(endocardium or epicardium) was positive. An electrode directed toward the former 
interface registered S-T depression; one fronting on the latter interface registered 
S-T elevation. By reference to figure 2 it can readily be seen that the results of 
Nahum, Hoff ct al. with respect to epicardial injury in proximal and distal zones can 
be entirely explained by the spatial orientation of the exploring electrode with 
respect to the region of the injury. It will be noted that any subepicardial injury in 
the proximal zone wiU be oriented to the reference electrode in a manner to produce 
upward displacement of S-T; subepicardial injury anywhere in the distal zone will 
be oriented to the reference electrode to produce downward displacement of S-T. 
A similar analysis is applicable to the T-wave changes with cooling and heating the 
epicardium produced both in the manner of Nahum and Hoff (13-15) and by our 
method, or by the method of Byer ct al. (20) for the endocardium. It may therefore 
be stated that the findings of Nahum and Hoff show no exception from classical 
concepts, nor does their work necessarily deny an endocardial-epicardial gradient. 

Finall)’’, the clinical studies with intracardiac electrodes of Hecht (23) and of 
Battro and Bidoggio (24), and the case reports of subendocardial infraction by 
Langendorf and Ko^dtz (25), Price and Jones (26), Bayley (27) and Pirani and 
Schlichter (28), further point to the fact that subendocardial myocardium is not a 
silent zone. 

It can be concluded that when the endocardial change is great, its altered elec- 
trical state conspicuously modifies the electrocardiogram. 

SUMMARY 

Cooling and heating the entire epicardium of the dog ventricles produced op- 
posite effects on the direction of the T wave. Heating the epicardial surface caused 
the T wave to become more positive, whereas cooling caused the T wave to become 
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more negative in the standard limb leads. Heating' caused the T wave to become 
more negative in aVR and aVL, more positive in aW ; cooling caused an opposite 
effect in these leads. These experiments demonstrate the existence of an endocardial- 
epicardial gradient during repolarization. 
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ACTION POTENTIAL OF HEART MUSCLE^ 

HOWARD J. CURTIS 

Frojn the Department of Physiology, VanderhiU University Medical School 

NASHVILLE, TENNESSEE 

T he action potential of heart muscle has been the subject of study for many 
years and is measured routinely as the electrocardiogram. As a result of 
the heterogeneous arrangement of muscle fibers within the muscle it is diffi - 
cult to judge the true form of the action potential from measurements of the poten- 
tials generated by the heart during contraction or even of the potentials measured 
from heart muscle strips. However, on the basis of a great deal of indirect evidence 
and a little direct evidence, it has been generally concluded that heart muscle, un- 
like skeletal muscle, remains depolarized for a relatively long time following excita- 
tion and then rapidly re-polarizes. 

If one accepts this interpretation, there are still two possible explanations of 
such behavior. The first is that each individual heart muscle fiber remains depolarized 
for the period of contraction. The second is that the individual fibers behave very 
much like skeletal muscle fibers, but m the muscle mass undergo excitation serially 
to give an average muscle depolarization lasting a relatively long time. There is 
virtually no evidence for or against either of these possibilities but from a study of 
smooth muscle and heart muscle strips Bozler (i) concluded that the latter mecha- 
nism was quite likely. 

The present work was undertaken in an attempt first to furnish direct proof of 
the long-continued depolarization of heart muscle during contraction and, second, 
to discover whether or not this is a true cellular process. 

EXPERIMENTAL METHOD 

The turtle ventricle w'^as used exclusively in this study. It has been shown that 
the turtle ventricle has no coronary circulation and that the muscle fibers contract 
in the blood contained within the ventricle. Thus the ventricle is much like a sponge, 
and when the muscle contracts the blood is squeezed out. Garrey (2) pointed out 
that there are often quite long strands of muscle fibers within the ventricle which 
seemed to be relatively free. Upon investigation it was found possible by careful 
dissection under a dissecting microscope to free these fiber bundles from the rest of 
the muscle mass and by careful teasing reduce the bundle to about a hundred fibers. 
This made a strand of fibers about 0.5 mm. in diameter and perhaps 10 mm. long. 
Some of these bundles were fixed and stained. They showed that the muscle fibers 
were long and parallel and the majority of them reached the entire length of the 
strip. There were remarkably few anastomoses between fibers. 
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Thus this preparation aflorded an opportunity to study the muscle under con- 
ditions entirely comparable to those under which skeletal muscle has been studied, 
and it should be possible here to say with some certainty that tlie effects observed 
with this preparation are the same as those which would be observed if it were pos- 
sible to isolate a single muscle fiber. 

The arrangement for stimulation and electrical and mechanical recording is 
shown in figure i. A relatively large piece of heart muscle is suspended between the 
two hooks in the Incite dish under saline, and the muscle carefully dissected until a 
suitable bundle is found. This is then carefully freed from the rest of the muscle 
and each end placed on the hooks. One hook is fi.xed to the dish and the otlier is 
supported by a transducer tube to measure muscle tension. 

There are copper cooling coils, not shown in the figure, through which water at 
about 9° C. is circulated. This keeps the temperature of Ringer’s about 10° C. At 
this temperature there is very little spontaneous activity and the muscle will stay 
in very good condition for many hours. One does not normally see spontaneous ac- 



Fig. I. Akeangement for 
stimulation and electrical and me- 
clianical recording from heart mus- 
cle bundles. 


tivity in the turtle ventricle, but these small strips, being somewhat stretched, will 
contract spontaneously for hours if the temperature is elevated to about 12° C. or 
higher. 

An electro-meclianical transducer tube (R.C.A. type 5734) was used for mechan- 
ical recording as previously described (3). In this tube the plate can be moved 
through a fle.vible diaphragm, causing a change in tube characteristics and a conse- 
quent change in plate current, and the changed plate current will persist as long as 
the force is applied. The change is amplified by a D.C. amplifier and applied to a 
mirror oscillograph for recording on photographic paper. The transducer tube was 
mounted on a micromanipulator so the tension on the muscle could be regulated. 

Stimulation and electrical recording was done through the micropipettes shown 
in figure i. These have an inside diameter of about 0.2 mm. at the tip and are fire- 
polished. They were carried each on a separate micromanipulator so they could be 
held at any point on the muscle. The micromanipulator carried a holder which con- 
tained a well filled with Ringer’s fluid into which the micropipettes protruded and 
also into which silver-silver chloride electrodes dipped. 

Stimulation was by means of an electronic stimulator which delivered single 
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square wave shocks to the tissue through an isolation transformer. A micropipette 
at one end was made the cathode and the hook adjacent to it made the anode. 

Electrical potentials were recorded from the remaining two micropipettes. They 
were merely placed very close to the muscle, but not touching it. They were con- 
nected, through the silver-silver chloride electrodes, to a differential D.C. amplifier, 
which was connected to a mirror oscillograph for recording on photographic paper. 
The photographic record then contained both the simultaneous electrical and mechan- 
ical events as well as a time marker. The records were taken in such a way that 
there was as little movement as possible of the muscle relative to the recording 
electrodes during contraction, and in every instance the muscle was moved relative 
to the electrodes an amount comparable to the movement during- contraction, to 
prove that the electrical records contained no mechanical artifacts. 

Electrical records taken with the muscle in saline were very small and the in- 
terpretation difficult. During the latter part of the work almost all records were 
taken with the muscle contracting in mineral oil. The muscle bundle was prepared 
as described above and then mineral oil was poured on top of the saline and the 
saline gradually drained off. This left the muscle in oil witli a thin coating of saline 
around it which was continuous with the saline in the micropipettes. Muscle bundles 
would remain active in oil for many hours. 

The injuiy potential was measured by crushing the muscle near one end with 
fine forceps and placing one microelectrode on this crushed region and the other on 
an active region. This was found to be much better than the technique of putting a 
noxious agent on one end of the muscle bundle because distances were so short that 
diffusion to the active electrode took place almost immediately and affected the re- 
sults. However, the crushing technique was far from perfect, because it was difficult 
to tell w'hen the tissue was completely crushed. Also, the crushed end would rather 
rapidly heal over, so the measured injury potential would become zero a very few 
minutes after crushing, in the face of excellent evidence that the muscle was in good 
condition under the active electrode. It was thus necessary to make the measure- 
ments very quickly after the crushing, but even so it is doubtful if any measure- 
ments were made on a full}'’ ‘killed end.’ 

The technique of measuring the injury potential was to crush the muscle and 
quickly place both electrodes on the injured region to establish the zero of potential 
and a short record taken. One electrode is then moved to an active region and another 
short record taken. The muscle is then stimulated and tlie ‘monophasic’ action 
potential is recorded. The electrode is again moved from the active region to the 
crushed end to re-establish the zero of potential. If there had been an appreciable 
drift of the zero, the measurement was discarded. 

RESULTS 

A record of the injury and the ‘monophasic’ action potential is shown in figure 
2. Here the injury potential is 3.0 millivolts. When the action potential reaches the 
active electrode the injury potential falls approximately to zero and stays close to 
zero for more than 3 seconds and then rather rapidly returns to its former value. 
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Since there was so much fluid shunting the muscle fibers, these potentials probably 
represent only a small fraction of the true membrane resting and action potentials. 
In this figure the potential reverses by a fraction of a millivolt. No significance can 
be attached to this, since the measuring error could easily be this large. 

In these records the response is usually all-or-none, indicating that there are 
enough anastomoses between fibers to make even this preparation syncytial. How- 
ever, in a few instances a response was found which was not all-or-none, indicating 
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Fig. 2. Action potential of 
heart muscle recorded between an 
electrode on active muscle and one 
on a' crushed end. Scale at the left 
shows the potential in mv. of the 
active electrode relative to the one 
crushed end. Time marks 3/sec. 

Fig. 3. .'\CTION POTENTIAL 
from a very small bundle of muscle 
cells, recorded with one electrode 
on active muscle and the other on 
a crushed end. Time marks 3/sec. 

Fig. 4. Three typical ac- 
tion POTENTIALS (rapid response) 
and simultaneous contractions 
(slow response) from different heart 
muscle bundles. One electrode on 
active muscle and the other on a 
crushed end. Time marks 3/sec. 

Fig. 5. Simultaneous elec- 
trical AND XIECHANICAL RECORDS 
from heart muscle bundles. A, 
both electrodes on active muscle. 
B, one electrode on active muscle 
and one on the muscle distal to a 
crushed region taken about 30 
minutes after crushing. The 
crushed region was completely in- 
active, so the muscle fibers must 
have healed over proximal to the 
crushed region. Time marks 3/sec. 


that sometimes a small bundle would become functionally isolated from the rest of 
the fibers by the process of dissection. 

Thus it seems quite certain that the individual muscle cells become depolarized 
on excitation and remain so for a relatively long time, and then rather rapidly be- 
come re-polarized. In one experiment the muscle bundle was carefully teased away 
until there were only about 12 muscle fibers left. The ‘monophasic’ action potential 
is shown for this muscle in figure 3 and there is no indication that the depolarization 
is sustained by asynchronous action of the different muscle cells. 

In figure 4 are shown three records demonstrating the relation between the 
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mechanical and electrical events. It wiU be observed that the tension continues to 
develop as long as depolarization persists, and does not start to subside until re- 
polarization has taken place. These records also show the effect of partial healing of 
the injured end, especially in the second and third records. It is very difficult to get 
records like the one in figure 2, but there is every reason to believe that if all the 
records were taken with a perfectly killed end, they would be similar to figure 2. 

When both electrodes are on active muscle a record similar to the top record of 
figure 5 is obtained. This gives a perfectly monophasic record usually followed by a 
T wave. This record is in complete accord with the record of figure 2. In these records 
the T wave is sometimes posith^e, sometimes negative and sometimes absent. Since 
the T wave is formed by the difference in rate of re-polarization of the muscle under 
the two electrodes, it follows that re-polarization may take place first at either end 
of the muscle strip, or the entire muscle strip may re-polarize at exactly the same 
rate. This seems clearly to indicate that the T wave is not a conducted response. 

The second record of figure 5 was taken with one electrode on active muscle 
and the other beyond a crushed region which had ‘healed.’ The impulse did not 
pass the injured region but since there was no injury potential the record was essen- 
tially the same as if both electrodes had been on active muscle. This is also in com- 
plete accord with the other records. 


DISCUSSION 

There has been considerable evidence that the depolarization of heart muscle is 
prolonged, and lasts for a large fraction of the contraction phase, and that the T 
wave is caused by rapid repolarization (4-7). The present work is in complete accord 
with this concept and gives direct evidence that this is true at the cellular level. 

The concept suggested by Bozler (i) that “the slow potential change is equiva- 
lent to a burst of impulses fused into a continuous state of negativity” is an intriguing 
idea but seems to have no basis in fact as far as the turtle heart is concerned. The 
action potential of heart muscle seems to be different from that of skeletal muscle 
in that re-polarization does not follow depolarization immediately but there is a time 
delay mechanism which delays re-polarization for a relatively long time. There is no 
reason to believe that the mechanism of conduction of the impulse along the fiber 
is any different from that in skeletal muscle and nerve. 

SUMMARY 

By microdissection methods it has been found possible to isolate small, homo- 
geneous bundles of muscle fibers from the turtle ventricle in which the fibers are all 
parallel and there are very few anastomoses between fibers. Recording in mineral 
oil between a crushed end and an electrode on active muscle gave a resting potential 
as high as 10 millivolts. The conducted response causes the potential under the ac- 
tive electrode to fall to zero and remain there for as long as 3 seconds before sud- 
denly re-polarizing. Muscle tension continues to develop throughout the period of 
depolarization, and relaxation does not start until re-polarization is practically com- 
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plete. It is concluded that the long-continued depolarization is a true cellular phenom- 
enon. 
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EFFECTS OF INHIBITOR COMBINATIONS ON MEMBRANE 
POTENTIALS OF THE SYNOVIALIS 

ERVIN KAPLAN, NORMAN R. JOSEPH, C. I. REED and PAUL SHEFFLER 
From the Departments of Chemistry, Physiology and Medicine, University of Illinois 

CHICAGO, ILLINOIS 

T he study of the effects of metabolic inhibitors on potentials of the synovial 
membrane has led to an interpretation of the results on the basis of oxida- 
tion-reduction processes occurring in tlie cytochrome system, the principal 
electron conducting mechanism involved in cellular respiration (1-3). A large num- 
ber of primary inhibitors have been studied, as- well as a number of combinations of 
inhibitors, especially combinations of cupric ions and thiols, applied successively 
to the tissues. The results have shown that heavy metal and thiol inhibitors behaved 
antagonistically, each tending to abolish the positive potential produced by the 
other. By interpreting the positive potential as an increase in the mean potential 
at which electrons are accepted b}'’ the cytochromes, the correlation between the 
primary potentials of various thiols and their effect on the cupric potential could 
be explained electrochemically (3). By the method of combination of inhibitors, it 
s thus possible to determine in more complete detail the mechanisms of inhibition. 

EXPERniENT.AL RESULTS 

The method of determination of synovial membrane potentials in the dog has 
been described in previous reports (1-4). For the study of combined inhibitors, the 
technique used has been the successive appheation of each inliibitor in isotonic 
NaCl (0.15 m) for a standard time interval during which several potential readings 
were taken. Usually duplicate solutions were applied for a total of three minutes 
during which time the potential was determined every thirty seconds (3). That 
procedure has been followed in obtaining the results to be reported. 

The results are represented in figures i and 2, in which the ordinates represent the 
membrane potential in millivolts, taken as the average over tlie period in which 
duplicate solutions were applied with readings taken every thirty seconds. The 
abscissae denote time in minutes taken from the beginning of the experiment. 
Previously the potential had been stabilized by several rinsings with isotonic NaCl, 
during which it had been maintained constant within i or 2 millivolts. 

Combinations of Ferric or Cupric Ions with Cyanide or Pyrophosphate. The re- 
sults are shown in figure i. In figure lA it is shown that the potential given by 
0.015M NaCN is increased by the application of 7.5 X io~^ m ferric chloride. In two 
cases illustrated, figure iB showed a very high cyanide potential (400 mv. j resulting 
from a combination of cupric and cyanide inhibition, while the other, figure iC 
showed an antagonism between the two inhibitors with a decrease in the observed 
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potential. With pyrophosphate application the ferric ion potential was considerably 
lowered (fig. iD), but the cupric ion potential was not significantly affected (fig. xE). 

Combination of Iodide Ion with Various Agents. The highest potentials found on 
any system to date have been those resulting from the successive application of 

isotonic sodium iodide and 7.5 X io~^ 
M CuClj in isotonic NaCl. Figure 2A 
shows a typical result on tills system. 
Following an initial potential of 25 mv. 
with Nal, which is its normal value, 
two subsequent rinsings, after alter- 
nating with CuClj, showed potentials 
of about 375 mv. and 500 mv. Subse- 
quent rinsing with isotonic NaCl 
lowered the potential to about 375 mv. 

The effects of mixtures of cupric 
and iodide ions are shown in figure 3 
in comparison with the individual 
ions. Up to concentrations of io“® Ji 
the effects arc small, but at 10“^ m 
and higher concentrations the added 
iodide greatly enhances the effect. At 
these concentrations the effect is far 
more than additive. It has been found 
previously that 10“^ m is a concentra- 
tion at whidi high potentials begin to 
be developed by heavy metal o.xidants 
at the synovialis. 

A rather similar effect has been 
obseiA’^ed with ferric ion in combina- 
tion with iodide. In figure 2B it is shown that the addition of 7.5 X io~^ M Nal to 
the ferric chloride solution mcreased the potential by about 150 mv. Sjmovial 
potentials in this system, however, have not been obser\'’ed to approach the value 
500 mv. observed in the copper-iodide systems. 

With mercuric chloride as inhibitor, a rather different result is obtained by al- 
ternating with isotonic NaCl and Nal, the effect of which is shown in figure 2C. 
The initial iodide potential was the usual 25 mv., while the initial HgCl2 potential, 
following tw'O washings with NaCl, was approximately 100. This potential was 
slightly increased by washing with NaCl. The next iodide potential started at 200 
but fell rapidly to 50 mv. Repetitions of the sequence produced very similar effects, 
with a characteristic 'spilce’ indicating the unstable high initial potential given by 
iodide. The 'spike’ appeared only on the first iodide washing after application of 
HgCla. 

Figure 2 {D, E, F) shows respectively the effects of p-chloromercuro-benzoate, 
glutathione and isotonic sodium thiocyanate when alternated with isotonic Nal. 
The first substance is an inhibitor of sulfhydryl groups (5), the second is a sulfhydryl 
activator, while thiocyanate is a pseudo-halogen, a complex ion with outer electron 
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Fig. I. ErrECTS of inhibitor combinations on 
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shell comparable to that of a halogen. The iodide potential was found to be reversed 
by the sulfhydryl inhibitor and to be augmented by the previous application of 
glutathione. The latter effect was often very striking, the iodide potential increasing 
by 80 or 100 mv. when iodide was applied after a 3-minute treatment with o.oi m 
glutathione. As shown in figure 2E the effect was maintained for several independent 
iodide rinsings alternated with NaCl for as long as 45 minutes after the application 
of glutathione. Figure 2F illustrates the characteristic behavior of thiocyanate when 
alternated with iodide. Quite typically the pseudo-halogen when it was exchanged 
for iodide in the joint cavity gave the same potential as iodide. However, subsequent 
additions of iodide gave lower potentials, the sign eventually becoming negative 
and reaching a limit. 



Fig. 2. Effects of inhibitor combinations on membrane potentials. Iodide series. 


A detailed tabulation of the effects of the various systems is included in table i. 
The systems are grouped into three classes, according to whether the components 
behave antagonistically, synergistically, or independently. The first class includes 
pairs of reagents which tend to nullify the potential, while those of the second class 
enhance the primary potentials. The third class includes systems whose components 
have no significant effect on the primary potential of the other component. 

DISCUSSION 

The behavior of the Nal-CuCb system described in figures 2 a and 3 appears to be 
of special significance since it results in the highest positive potentials which have 
thus far been observed. Quite characteristically the alternate application of these 
inhibitors produced a potential of approximately 500 mv. with the positive sign at 
the joint cavity, where the solutions were applied. According to Ball (6), this is the 
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order of magnitude of the difference of standard redox potentials between cyto- 
chrome b and cytochrome oxidase. 

Electrochemical considerations have previously led to the formulation of the 
membrane potential in the expression 

Eots = - Eit (i) 

where E^, is the observed membrane potential, while E°t and E'h denote mean 
differences of potential between electron source and terminal in the cytochrome 
system. The former term denotes the standard value for normal tissue, the latter 
representing the value in the presence of a given inhibitor (2). If the potentials at 


Table 1 


CLASsrncATiON or systems 

KO. or EXPERIMENTS 

nc. KO. 

Antagonistic Pairs 



I. FeClj-Na pyrophosphate 

6 1 

iD 

2. Heavy metal-thiols (10 systems) 

30 1 


3. Nal-p-chloromercurobenzoate 

3 

2D 

4. Nal-NaSCN 

S 

2 F 

5. Nal, I2 

12 


Synergistic Pairs 



6. FeCls-NaCN 

4 

7 A 

7. Nal-Glutathione 

8 

2 E 

8. Nal-CuClj 

6 

=^>3 

9. Nal-FeCh 

3 

25 

lo.i Nal-HgCh 

3 

2 C 

Independettl Pairs 



II. CuClj-Na pyrophosphate 

4 

lE 

12. CuCl2-Na ascorbate. 

ry 



N.B.: The CuClrNaCN system has not been classified because of inconsistent results (fig. 
iB and C). 

* Initial transient effect synergistic. 


the electron source and terminal are given Ball’s values, then E'it has a value of 
540 mv. This should theoretically represent the limiting observ’ed membrane po- 
tential under conditions when E\t becomes zero, that is to say when the cytochromes 
and other electron transfer units at the inhibited side of the membrane are all at 
the same potential. Evidently such a condition occurs in the double inhibition of 
copper and iodide ions. The oxidation of c}dochrome b has been proposed to account 
for the cupric ion potentials which develop at concentrations above io~® ai (2). 
The oxidation of iodide b}'' peroxidase, also an electron conducting unit (7), has been 
postulated to explain the primar}’- iodide potential. Accordingly, the primar)’’ mech- 
anisms have been assmned to be the oxidation of cytochrome b and the reduction of a 
ferric enzyme at a higher potential. The combination of the two inhibitors evidently 
results in a coupling of two electron transfer units which eventually come to the same 
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potential by an oxidation reduction reaction. Solutions of cupric iodide have redox 
potentials of the order of 350 mv., somewhat higher than the standard potential of 
cytochrome c, and intermediate between cytochrome b and cytochrome oxidase. 

Accordingly inhibitors should act synergistically if simultaneously they oxidize 
the electron acceptor components and reduce the electron donor components of 
the cytochromes or other electron transport systems, thus tending to bring electron 
source and terminal to the same potential. 

Cyanide is considered to produce inliibition by forming a complex with cyto- 
chrome oxidase, the combination having a lower redox potential than the free en- 
zjhne (6). This concept has been applied in explaining the membrane potentials 
produced by cyanide (2). Synergistic effects between ferric ions and C3>'anide (figure 
lA) or between cupric ions and cyanide (figure iB) are explicable as a simultaneous 



increase of the source potential from heavy metal oxidation and a decrease of ter- 
minal potential by the formation of a cyanide complex. Antagonism between the 
inhibitors (figure iC) might be explicable as complex fonnation between tlie iiiliib- 
itors. Such a mechanism would also explain the antagonism between ferric ions 
and pyrophosphate (figure iD). The independence of cupric ions and pyrophosphate 
is consistent with then' failure to form complexes (figure lE). 

The observations on Nal-HgCb require both the above mechanisms for their ex- 
planation. The initial ‘spike’ is evidently explicable in terms of the haechanism 
given for the synergy of cupric and iodide ions. The secondary antagonism, resulting 
in a fairly stable potential lower than that of the HgCb solution, can be explained as 
the formation of mercurous iodide, which forms a soluble undissociated complex in an 
excess of iodide. 

Additional data relating to the behavior of iodide ion are given in figure 2D, E, F. 
The sulfhydryl inhibitor, p-chloromercurobenzoate, has been observed to abolish 
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the potential normally given by iodide, while the sulfhydiyl activator, glutathione, 
has been found to enhance it. Evidently the oxidation of iodide ion depends on the 
state of enzymatic sulfhydryl groups. Its oxidation may also evidently be affected 
by ions of a similar chemical nature such as pseudo-halogens. From figure iF, it is 
evident that thiocyanate is oxidized at a potential near that of the preceding iodide 
solution. However, iodide is oxidized at a lower level than that of tlie preceding 
thiocyanate. The effects presumably involve positive and negative ion catalysis and 
possibly free radical chain reactions. 

In connection with these considerations it is pertinent to reconsider the effects of 
the iodide-iodine system and the chloride-iodine system, which were previously 
studied (i). The latter system gave an initial negative potential, whicli was inter- 
preted as oxidation at the electron terminal level, i.e. cytochrome oxidase. By con- 
trast, high positive potentials were produced b}^ molecular iodine in the presence of 
iodide ion. The latter system has a standard redox potential of the order of 500 mv., 
in the neighborhood of the value proposed for cj’tochrome oxidase (6). If the iodide 
ion, reduces electron transfer units at high potentials the effect would be to nullify 
the oxidation of those units by molecular iodine. O.xidation of units of lower redox 
potential would, however, occur, i.e. at the cytochrome b level, where iodine may be 
reduced but iodide cannot be oxidized. Accordingly, the potential at the electron 
source approaches the terminal potential, with a resulting positive potential observed. 

SXJMMAJRY 

The effects of binaty combinations of various inliibitors on the membrane poten- 
tial of the synovialis in dogs have been studied. Synergistic combinations of inhibitors 
included cupric ions with iodide, ferric ions with iodide, and ferric ions with cyanide. 
Antagonistic combinations included ferric ions with pyrophosphate, and mercuric 
ions with iodide. The synergistic combinations involve simultaneous increase of 
potential of lower cytochromes and decrease of potential at the oxj'gen terminal. 
Antagonistic combinations involve complex formations between the inhibitors. 
The iodide potential is increased by glutathione, a suEhydiyd activator and is de- 
creased by p-chloromercurobenzoate, a suiflaydr}d inlaibitor. 
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NATURE OF PYROGEN FEVER: EFFECT OF ENVIRON- 
MENTAL TEMPERATURE ON RESPONSE TO 
TYPHOID-PARATYPHOID VACCINE^ 

RONALD GRANT 

Frojn the Department of Physiology, Stanford University School of Medicine 

STANFORD, CALIFORNIA 

T he onset of pyrogen-induced fevers in man involves simultaneous inhibition 
of heat loss and stimulation of heat production (1-3). A small part of the 
increased calorigenesis can be attributed to the van’t Hoff effect (4) and 
slight stimulation of overall metabolism may be involved (5) but shivering is the 
main cause (1-3). 

These and many similar observations are usually explained in terms of the 
‘thermostatic resetting’ theory of fever, first stated clearly by Liebermeister in 1875 
(6), which attributes fever to the ‘resetting’ of the thermostatic centers to a higher 
operating temperature. This theory provides a succinct description of the altered 
thermoregulatory status during fever but its implications have not been tested 
critically and there is no evidence to indicate how such a change in thermal thresholds 
might be effected. 

It was noted (7) that administration of pyrogen to animals exposed to cold 
caused inhibition of shivering and consequent hypothermia. This result seemed in- 
compatible with the simple thermostatic reset theory, which postulates exaggerated 
chemical cold defense during fever. The influence of environmental temperature on 
the thermal and metabolic responses to pyrogens was therefore studied, using oxygen 
consumption as a measure of calorigenesis. 

METHODS 

Mature male New Zealand White rabbits 2.0 to 4.0 kg. in weight were used. A closed circuit 
metabolism system of about 12 liters in capacity was employed with air circulating at 5 to 7 liters 
per minute. This was enclosed in a box thermostatically regulated within ± 0.5°. The system was 
kept at atmospheric pressure by replacing the oxygen through automatic water-filled burettes as it 
was absorbed (8). Thus the animal breathed air of normal composition. The oxygen in the burettes 
was allowed to come to temperature and pressure equilibrium with room air and to saturation wath 
water vapour before use. Oxygen consumed -was read every 5 minutes, but since intermittent ac- 
tivity of the animals and other factors often caused marked variations in apparent oxygen uptake 
from one 5-minute period to the next, all calculations w^ere based on periods of 50 to 90 (usually 60) 
mmutes. Experimental periods were alwa3's compared with immediately preceding control periods 
of like duration in which the animal was handled similarly, usually with injection of pyrogen-free 
water. Use of a face mask or of tracheotomj’’ was found to be impractical since even light restraint 
may profoundly disturb thermoregulation in rabbits (9) and prevent development of typical fevers. 

The pyrogen used in most experiments was Cutter Laboratories’ typhoid-paratyphoid triple 
vaccine (TPT) containing about 1000 million E. lyphosa, 500 million S. paratyphi and 500 million 

Received for publication Julj' ii, 1949- 

’ This investigation was carried out under a contract between the Air Materiel Command, 
Wright-Patterson Air Force Base, and Stanford University. 
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S. scliollmilUcn organisms per ml. The usual dose was about 0.015 nil/kg., diluted tenfold for injec- 
tion via the marginal ear vein. This is about 100 times the minimal pyrogenic dose and gives a maxi- 
mal fever of consistent pattern. Large doses give erratic fevers often accompanied by to,xic signs 
including dyspnoea, hypotension and occasionally death. The results were confirmed using the endog- 
enous pyrogen ‘Pyrexin’, prepared by Menkin (10) from aseptic pleural exudate. This material is 
incompletely soluble in water so was finely pulverized then suspended for injection in i ml. of pyro- 
gen-free water by repeated passage through a 26-gaugc needle. 

Results are usually summarized as the mean and standard error of the mean: where scatter is 
indicated by the standard deviation the letters ‘S.D.’ appear. 

RESULTS 

Rabbits in Moderate and Warm Environments. Tlie response of rabbits to moderate 
doses of TPT shows minor variations but the general pattern is consistent (fig. i). 
Seven to 15 minutes after inj'ection, thermal polypnoea is inhibited and vasocon- 
striction! lowers the ear temperature to values near that of the environment, the pulse 
in the central artery becoming impalpable. The resulting rise in rectal temperature 
is nearly always biphasic, being interrupted by a plateau or temporary fall after 
about an hour due to return of ear vasodilation and polypnoea in variable intensity. 
Renewed inhibition of the heat loss mechanisms develops towards the end of the 
second hour and maximum temperature (rarely over 42°) is reached during the third 
hour. Defervescence, marked by polypnoea and strong vasodilation in the ears,, be- 
gins shortly after the maximum temperature is reached and equilibrium at or near 
the control temperature is usually attained 4 to 6 hours after injection. 

Table i summarizes the changes in rectal temperature seen during the first 5 
hours of fever in 38 animals given 0.001 to 0.02 ml/kg. of vaccine at 18.5 to 31.0°. 

With large doses of vaccine (0.3-0.5 ml/kg.) the earl}'’ course of fever is similar 
but defervescence may not be completed for 15 hours or more, the rectal temper- 
ature showing erratic fluctuations. Such animals commonly show low maximum 
temperatures and may develop hypotliermia after an initial rise. With very small 
doses (o.oooi-o.ooi ml/kg.) the initial temperature rise is as great as with larger 
amounts but the second rising phase of fever is often absent, final defervescence be- 
ginning after to 2 hours. Thus the chief effect of varying the dosage over a wide 
range is upon the duration of fever. 

At environmental temperatures above about 32° uninjected animals showed 
gradual rise of body temperature. When the rectal temperature was above 41° at the 
time of injection, vaccine caused little or no inhibition of heat defense mechanisms. 

Oxygen constwipiion. Normal ox}'’gen consumption varied from 7.20 to 14.40 
ml/kg/min. (dry gas at S.T.P.), in 41 determinations on 21 animals (mean 10.16, 
S.D. ± 1.34). These values agree with the higher values given by various investiga- 
tors (ii, 12) for adult rabbits. 

Table 2 summarizes the data obtained from 19 animals given moderate amounts 
of vaccine and from 3 animals given large amounts. All the former group showed 
increased oxygen consumption for the first hour following injection. One animal 
given a large dose showed a similar increase in oxygen uptake but two showed a 
slight decrease. Control water injections had no effect except in one case {rabbit 55) 
where the water must have been contaminated with pyrogen (temperature rose 1.75° 
and oxygen consumption 0.9 ml/kg/min.). Mean values for the hour preceding and 
the hour following water injection in 12 animals were 10.19, S.D. ± 1.03 and 10.20, 
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Fig, I {upper). Changes in kectal temperatuee, ear temperature and respiratory rate in 
rabbit IQ3 following injection of TPT at 30° environmental temperature. 

Fig. 2 {lower) . Upper graph : Mean oxygen consumption for successive 5-minute intervals in 
8 shorn rabbits exposed to cold and given TPT. Lower graph: Similar data for 8 unshorn rabbits at 
moderate environmental temperatures. 


S.D. ± 0.88, The data for animals given moderate doses of vaccine yield the fol- 
lowing mean values for oxygen consumption for the hour immediately preceding in- 
jection and the first 3 hours of fever: 


Control period: (n = 19) 
ist hour of fever: (n == 19) 
2nd hour of fever: (n = 14) 
3rd hour of fever: (n = 9) 


Mean 9.76, S.D. ± 1.80 
Mean 11.47, S.D. ± 1.92 
Mean 10.71, S.D. ± 2.14 
Mean 10.56, S.D. ± 1.47 


The mean increase in oxygen consumption for the first hour of fever was 1.71 ± 0.20 
(mean and standard error). Corresponding differences from the control level for 
the second and third hours were 1.25 ± 0,24 and 1.82 ± 0,30. The mean difference 
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between the first and second hours of fever was —0.83 rfc 0.23; between the second 
and third hours, 0.41 rfc 0.31. All these differences, except the last, are highly sig- 
nificant statistically. Thus oxygen consumption is increased during the first, second 
and third hours of fever under the conditions used but is less during the second hour 
than during the first. 

The time course of variations in oxygen uptake is shown in more detail in figure 
2 (Jower graph). This graph was constructed by averaging the raw data from 8 animals 
for corresponding 5-minute periods. The initial increase in oxygen usage is evident 
about 20 minutes after injection and is transient, near-normal values being restored 
towards the end of the first hour. In the indmdual cases peak values for oxygen 
consumption occurred 15 to 40 minutes after injection and were more pronounced 
than is indicated by the composite graph. The initial period of increased oxj'-gen 
uptake tlius corresponds in time to the initial phase of inhibition of heat loss mech- 


Table 1. Cjianges in rect,vl temperature following vaccine 



1st HR. 

2 nd HR. 

3 rd HR. 

•tth HR, 

5th HR. 

Range (“C.) 

+0-S5 

-1-1.85 

— 0.65 
-fi.ia 

— 0.50 
-fo.QO 

-1.50 

+0.50 

— 1.20 

—0.40 

Mean & standard error 

+ i.32±o.os 

-f-o.o4±o.07 

-i-O.34dbo.07 

— o.4S±o.o7 

— 0. 79dbo.o5 

Number showing increase 

38 

23 

26 

2 

0 

Number showing decrease 

0 

14 

6 

27 

20 

Number studied 

38 i 

37 

32 

20 

20 


anisms. It cannot be regarded as a secondar}'- effect of rising body temperature but 
must be due to a specific stimulating effect of vaccine. 

The second hour of fever includes the plateau phase of reduced or reversed 
temperature change. Ox}'-gen consumption, although less than during the first hour, 
remained above the control level in all but one of 14 animals. The stimulation per- 
sisted and was usually accentuated during the third hour. In general, changes in 
oxygen consumption after the first hour of fever parallel changes in rectal temperature 
and may be attributed mainly to the van’t Hoff effect. The data give no suggestion 
of a continuance or recurrence of a specific stunulating effect of vaccine beyond the 
first hour. The metabolic cost of sustained, rapid panting during defervescence prob- 
ably contributes to the high values observed in that phase. When rectal temperature 
is forced up, in uninjected animals, by exposure to environmental temperatures of 
33° fo 35°j oxygen consumption increases mucli more than would be predicted on a 
basis of a Qio of 3.0. 

There was no parallelism between the amount of the metabolic increase during 
the first hour of fever and the rise of temperature. The rabbit showing the least in- 
crease in oxygen consumption (no. 2ip) showed a greater rise in rectal temperature 
during the first hour than that showing the largest increase in oxygen usage (no. 204). 
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Table 2. Oxygen consumption (os) and changes in rectal temperature (At) following in- 


JFXTION OF TPT VACCINE IN RABBITS AT MODERATE ENVIRONMENTAL TEMPERATURES 


ANIMAL' 

BErOSE TPT 

APXER TPT 

ENV. TEMP. 

DOSE 

1st Hr. 

2 nd Hr. 

3 rd Hr. 

4 th Hr. 








°c. 

mllkg . 

206 

O2 

7.20 

9-56 

8.63 

9-73 

8.95 

30.0 

0.017 

39-3 

AT 

—0. 10 

+ 1.45 

+0.20 

+0.85 

-0.35 



197 

O2 

8.02 

10-57 

9-63 

9.28 

9-55 

28.0 

0.017 

39-3 

AT 

+0.20 

+ 1.20 

+0.50 

+ 0.45 

— 0.70 



222 

0; 

7.59 

10.00 

9.67 

9. 68 

9-04 

30-0 

0.017 

39-4 

AT 

—0. 17 

+ I.21 

+0.06 

+0.70 

-0.50 



222 

O2 

7.91 

9-34 

9 - 3 ° 

9.64 


26.0 

0.017 

39-4 

AT 

-0.30 

+0.95 

+0.25 

+0.70 




221 

O2 

9-51 

11.23 

10.81 

11.16 

10.69 

26.0 

0.017 

39-4 

AT 

—0.07 

+1.27 

— O.IO 

1 

+0.68 

— 0.40 



201 

O2 

9-97 

12.17 

12.40 

13-15 


28.0 

0.017 

39-7 

AT 

- 0-35 

+ 1.50 

+I.I5 

+0.20 




205 

O2 

10.222 

12.26 

11.80 

10.50 


18.5 

0.014 

39-2 

AT 

0.00 

+0.82 

+0.91 

+0.30 




iSi 

O2 

I0.002 

10.81 

10.75 

12 69 

12.13 

26.0 

0.010 

39-0 

AT 

+ 0.40 

+0 

. /O 

+ 0-55 




217 

O2 

8.22 

10. 12 

8-39 

9.22 

8.86 

31-0 

0.017 

39-7 

AT 

— 0. 10 

+ 1-25 

-0.13 

+0.28 

-0.35 



217 

O2 

10. l 82 

10.81 




20.0 

0.014 

39 -S 

AT 

+O.IS 

+ 1.20 

+0.50 

+0.30 

—0.40 



196 

O2 

8.10* 

9,07 

8.20 



18.5 

0.014 

39-4 

AT 

— 0,02 

+ i 

. 20 





204 

O2 

10.022 

13 62 

12.41 



19-5 

0.015 

39-1 

AT 

— O.IO 

+ I-IS 

+0.45 

+0.4S 




171 

O2 

10. Io2 

11 .go 

9-53 



25-5 

0.010 

39-2 

AT 

+0.25 

+i 

• 15 





152 

O2 

10.302 

12.40 




18. 5 

0.012 

39-4 

AT 

+0.10 

+1.40 






219 

O2 

9 - 95 ^ 

9-97 




18.5 

0.015 

39-0 

AT 

-0.03 

+ 1.18 

+0.45 

+0.45 




208 

O2 

10.952 

11.60 




18.5 

0.016 

39-7 

AT 

1 +0.10 

+ 1.0S 
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Table 2 . — Conlinued 


AMitAL* 

BEFORE TPT 

1 

1 st Hr. 

afte; 

2nd Hr. 

R TPT 

3rd Hr. 

4 th Hr. 

1 

ENV.TEUP, 

i 

DOSE 








°c. 

ml.lks. 

210 

O2 

9-SS* 

I 1 - 4 S 



1 

17.0 

0.019 

39-P 

AT 

-0. IS 

+1-SS 




i 

j 


2 

O2 

15.20 

14-25 

12.00 



22.0 

0.140 

39-S 

AT 

0.00 

+I-05 

-j-o.do 




i 

z 

O2 

14.40 

16. go 

16.20 



23.0 

0.15s 

39-S 

AT 

0 

6 

1 

-I-1.60 

—0.65 





8 

0 , 

11. 10^ 1 

11-95 

II. 00 



32.5 

0.370 

39-2 

AT 

+0.20 

+2 

.40 





55 

Oj 

11.60’ 

11.32 

13-21 

13-48 


24-5 

0.430 

39-2 

AT 

+ 1-75 

+ i 

-95 

1 




57 

Oj 

12.50’ 

12.22 

11.40 



22.5 

0.610 

39-S 

AT 

0,00 1 

-|-o.6o 

+0.30 






* Initial rectal temperature is shown before the symbol AT. Temperature changes shown are 
non-cumulative. 

* Water-injected control periods. 


Environmental conditions were very similar in the two cases. Delcourt-Bemard’s 
data for man (2) show a similar lack of parallelism between the metabolic increase 
and the temperature rise during the chill phase. 

The mean increase in oxygen consumption for the first hour (1.71 ml/kg/min.) 
corresponds to an increased heat production of about 0.49 Cal/kg/hr. Assuming a 
specific heat of 0.83 this heat could, if stored, account for a rise in average body 
temperature of about 0.6°; the mean rise in rectal temperature seen was 1.24°. No 
attempt was made to calculate changes in average body temperature but changes 
in rectal temperature suggest that, under moderate environmental conditions, heat 
storage always exceeds the supplemental amount produced by vaccine. This is cer- 
tainly so when only minor changes in oxygen usage occur. 

The overall pattern of changes in heat production in rabbits given pyrogens is 
similar to that described for man (1-3) if allowance is made for the more rapid course 
of fever in rabbits. But in contrast to the very striking increase in oxygen consump- 
tion seen during the chiU phase in man (over 300% in some cases) the corresponding 
increase in the rabbit averages only 17.6 per cent. The greatest increase observed 
for the first hour of fever was 36 per cent. The obvious reason for this difference is 
the absence of shivering during the onset of fever in the normal rabbit. 

Metabohe stimulation by vaccine was undiminished in those rabbits exposed to 
temperatures at the upper limit of heat tolerance (30-31°). A similar transient in- 
crease in oxygen consumption was seen in 4 animals exposed to 32.5° to 34.5° and 
consequently showing slowly rising rectal temperature prior to injection. 
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Rabbits Exposed to APodevate Cold. In man, febrile chills are usually greatly 
diminished by warmth and accentuated by cold. It was thought that exposure to 
cold might bring out chill responses to vaccine injection in rabbits, with consequent 
increase of the metabolic response. This was not the case. 

Table 3 shows the effects of vaccine (0.015 mlAg.) on rectal temperature and 
oxygen consumption in 7 rabbits when exposed to —2°. Correspondmg data for the 
samb animals at 17 to 20° are given in table 2. A three-week period separated the 
two sets of observations to eliminate possible effects of developed refractoriness. 
The rabbits were exposed to cold for at least an hour before control observations 
were begun and show'ed strong activation of the physical cold defense mechanisms 
(postural adjustments, piloerection, cutaneous vasoconstriction) but only slight 
shivering. Rectal temperature showed negligible depression (mean 0.07 ± 0.1°) com- 


Table 3. Oxygen consuacption (oj) and changes m rectal temperature (At) following 

INJECTION OF TPT VACCINE IN RABBITS AT — 2 ° 


AMUAL 

BEFORE TPT 

AFTER TPT 

ANIiUL 

BEFORE TPT 

AFTEE TPT 

1st Hr. 

2 nd Hr. 

1st Hr 

2 nd Hr. 

204 O2 

16.08 

17.03 

12.10 

210 O2 

12.89 

14.42 

12.17 

AT 

+ 0-35 

4-0.72 

-0.52 

AT 

-bo. 25 

4-1.40 

4-0. 10 

205 O2 

14.00 

15.68 

12.94 

208 O2 

12.96 

16.00 

13.03 

AT 

+0.14 

4-1.06 

— 0.06 

AT 

4-0.03 

4-1.37 

0.00 

196 O2 

9-32 

10.99 

10.30 

217 O2 

13.35 

14.92 

11.96 

AT 

0.00 

4-0.77 

4 - 0 . ig 

AT 

-f0.12 

4-1 . 10 

-|-o.o8 

219 O2 

13.47 

14.47 

12.26 





AT 

+0.24 

4-1 .00 

—0. 10 






pared to that observed at moderate temperatures. Oxygen consumption was increased 
3.30 ± 0.58 ml/kg/min. or 33.5 per cent. 

The mean increase in oxygen consumption for the first hour following vaccine 
was 1.39 ± 0.14 at 17° to 20® and 1.63 ± 0.26 at -2°. The apparent slight increase 
in stimulation in the cold (0.24 ± 0.26) is obviously not significant statistically. 
The mean rise of rectal temperature one hour after injection (5 animals) was 1.18, 
S.D. ± 0.26 at 17° to 20° and 1.06, S.D. ± 0.24 at -2°; mean difference 0.12 ± 1.0°. 
Thus cooling did not affect the initial temperature rise appreciably. 

During the second hour of fever at — 2° oxygen consumption appeared to be 
reduced relative to the control level (mean decrease 1.04 ± 0.58 ml/kg/min.) 
in contrast to the situation in warm environments. The statistical significance of 
this depression is questionable (P o-i) but the data indicate that the inhibition 
of oxygen uptake seen in severely cooled animals (see below) is already evident in 
rabbits exposed to —2°. 

Figure 3 shows changes in oxygen consumption and rectal temperature in a 
rabbit exposed to 0° and given 0.2 ml/kg. of TPT. The data plotted are for oxygen 
used in successive 5-minute periods. Following the initial stimulation of metabolism 
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a depression of oxygen uptake is evident, with subsequent recovery of the control 
level. Of 6 animals treated similarly, 3 showed hypothermia and depression of oxygen 
consumption begimiing 30 to 50 minutes after injection. 

Shorn Rahhits Exposed io Cold. To obtain strong stimulation of shivering, rabbits 
were closely shorn (except for the feet) then exposed to cold (—8.0° to +7-o°)- K 
exposed immediately after shearing such animals usually showed progressive hypo- 
thermia, but if not exposed until the day following shearing adult animals usually 
maintained constant rectal temperature for many hours although at a slightly de- 
pressed level. Shivering was strong and continuous and oxygen uptake markedly 
increased (240% of normal). 

Temperature response to vaccine under these conditions showed much indi\’idual 
variation, the most constant feature being a rapid fall of temperature beginning 40 



Fig. 3 (/c//). Changes in rectal TEUPERAXuitE and in o.Tcygen consumption of rabbit foUoiving 
i.v. injection of 0.2 ml/kg. of TPT at environmental temperature of 0°. 

Fig. 4 (right). Changes in rectal temperature following TPT injection in 2 shorn rabbits 
exposed to cold. 

to 60 minutes after injection and carrying the animal into decided hjqiothermia. 
In 12 of 29 cases the fall in temperature was preceded by slight fever (maximum rise 
1.0°); in only 3 cases temperature did not fall below the control level. Figure 4 shows 
two types of reaction encountered. Time of onset of the fall in temperature varied 
from 25 to 90 minutes after injection but tlie delay was rarely over 60 minutes. Large 
doses of vaccine hastened the onset of cooling and increased its severit3\ Subsequent 
behavior of the animal seemed to depend mainly on the degree of hjqjothermia de- 
veloped by the end of the second hour; if moderate, the temperature increased again 
in the third hour, but if hypothermia were severe the temperature either continued 
to fall or became relatively stable at the depressed level, ^\dlen removed to a warm 
environment normal temperature was regained rapidly in aU cases. 

No increase in ear temperature or in respiratory rate could be detected at the 
time of onset of the cooling phase but shivering was obviously diminished and some- 
times abolished. The fall in temperature thus seemed to be due entirely to failure of 
the main mechanism of cold-stimulated calorigenesis. 
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Table 4 shows changes in oxygen consumption and in rectal temperature in 8 
shorn animals given small amounts of vaccine at emdronmental temperatures from 
— 1.0° to 7.0°; data for two of the same animals when given large amounts of vaccine 
are also shown. Corresponding data for most of tliese animals when run at moderate 


Table 4. Oxygen consumption (oa) and changes in rectal temperature (At) eollowing 

INJECTION OF TPT VACCINE IN SHORN RABBITS EXPOSED TO COLD 


ANIMALl 

before TPT 

■ 




DOSE 







1 

vil/ks. 

204 

O2 

22.41 

23.86 

22.02 

22.40 

2,0 

0.016 

38.6 

AT 

+0-13 

+0.50 

-4-0.05 

+0.32 



205 

O2 

22.03 

23. So 

20.26 

23-43 

5-0 

0.025 

39-1 

AT 

-f0.02 

-{'O.4S 

—0.82 

— o.oS 



jg6 

O2 

22.31 

22.86 

19.04 

15-91 

— I.O 

0.026 

38-3 

AT 

— 0.23 

00 

d 

+ 

—1. 12 

— 2. 98 



2ig 

Oa 

24.07 

23-33 

20.79 

23.93 

2.0 

0.030 

3S.6 

AT 

— O.OI 

-4-0.04 

-1. 13 

1 

-4-0.10 



20S 

Oa 

27.56 

29.23 

I 27.07 

1 27.94 

— I.O 

i 0.031 

39-5 

AT 

—0.14 

d-o-Si 

— O.IO 

-4-0.06 



217 

Oi 

1 

20.70 

21.84 

19.08 

21. 98 

7-0 

0.026 

39-0 

AT 

— 0.02 

-4-0. 12 

— 0.12 

-fo.30 



1S9 

Oa 

22.22 

23-23 

11.30 

i 

4.0 

0.017 

39-4 

AT 

— 0.03 

-ro.51 

-3-53 




102 

O2 

22.63 

23-76 

i 

20.22 

21.71 

0.0 

0.031 

39-2 

AT 

-0.30 

-1-0.34 

i 

-1.42 ‘ 

-0.35 



204 

Oa ! 

20.58 

20,90 

13-82 


2.0 

0.290 

39-5 

AT 

— 0. 24 

-0.47 

—2.01 




189 

Oa 

22.37 

24-34 

16.40 

22.99 

2.0 

0.330 

39-3 

AT 

— 0.03 

+0.65 

-1.82 

-4-0.72 




^ Initial rectal temperature is shown before the symbol AT. 


temperature and at — 2° (unshorn) are shown in tables 2 and 3. Rectal temperatures 
at the end of tlie control period (i.e. after at least 2 hours’ exposure to cold) were 
depressed an average of 0.30° ± 0.14° and fairly stable. Mean increase in oxygen 
consumption was 13.60 ± 0.72 ml/kg/min. (140%) o^^r the normal. 

The mean increase in temperature one hour after injection was 0.30 ± 0.03 : 
only one animal showed a fall of temperature for this period, following a large dose 
of vaccine. This increase is much less than that shomi by the same animals at mod- 
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erate temperatures (mean difference 0.78° ± 0,13°). The mean drop in temperature 
for the second hour was 1.20° d= 0.34°. 

Oxygen consumption. In 9 of the 10 runs oxygen consumption showed an increase 
for the first hour following TPT (mean increase 1.03 =fc 0.26 ml/kg/min.)* Corre- 
sponding differences between the control period and the second and third hours were 
—3,69 ± 1.04 and —0.47 ± 0.89 ml. The mean decrease in oxygen usage between 
the first and second hours was 4.72 ± 1.03 and the increase between the second and 
third hours 1.93 ± 0.99 ml. In all 10 cases ox>’’gen consumption for the second hour 
after injection -was less than that during the pre-injection period; it remained below 
the control level in 4 of 8 animals followed for a third hour. Comparison of the in- 
creases observed in the first hour of ‘fever’ under these conditions with the corre- 
sponding increases shown by the same animals at moderate temperatures shows no 
significant difference (mean difference in stimulation 0.85 ± 0.54 ml., the warm 
animals showing the greater mean increase). 

In figure 2 changes in ox3'gen consumption in cold shorn animals are compared 
with corresponding changes in animals at moderate temperatures. The graphs were 
constructed by averaging the data obtained from S animals when exposed to moderate 
temperatures {lower graph) and when exposed to cold after shearing. The increase 
in metabolism at the onset of fever was of similar magnitude and duration in the 
two groups, despite the wide difference in control levels. In the cold group the de- 
cline in oxygen uptake continued until frank inhibition of cold-stimulated calori- 
genesis had developed (compare fig. 3 for a single unshorn animal e.xposed to cold). 

Shorn Cold Rabbits Given ‘Pyrcxin\ Although 50 times the dose of vaccine used 
may be well tolerated by rabbits it seemed possible that inhibition of shivering might 
be due to toxic materials distinct from the pjTOgen in the unfractionated vaccine. 
The experiments on cold shorn animals were therefore repeated using a non-bacterial 
pyrogen, ‘Pyrexin’, prepared from sterile pleural e.xudate by Menkin (10). 

At normal environmental temperatures, intravenous injection of 1.25 to 2.50 
mg/kg. of P3Texin suspended in i.o ml. of sterile pjTogen-free water caused a fever 
essentially identical with that resulting from injection of moderate amounts of TPT, 
except that defervescence was somewhat delayed, suggesting that this amount of 
Pyrexin represents a higher dose of pyrogen. Figure 5 shows the febrile response to 
Pyrexin in the same animal whose response to TPT is shown in figure i. 

Table 5 shows effects of Pyrexin on oxygen consumption and rectal temperature 
of 4 shorn rabbits exposed to o'’. The responses of the same rabbits to TPT under 
similar conditions are shown in table 4. The response to the two pjTogens is closely 
similar but the depression of oxygen usage in the second hour of fever is probably 
more marked with Pyrexin. 


DISCUSSION 

The chief difference between the typical reaction to pyrogens of rabbits ex- 
posed to moderate temperatures and that described for man, cat and dog is the lack 
of perceptible shivering in the rabbit. Accordingly, the increase in oxygen consump- 
tion is slight, and fever results mainly from restriction of heat loss. Hildebrandt (13) 
found no evidence of specific metabolic stimulation following pyrogen injections in 
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rabbits. At low environmental temperatures, when heat loss is already restricted, 
the metabolic stimulation may well be essential to the development of fe\’er but it 
is no greater than at higher temperatures. The difference between the rabbit and 
other species is probably not fundamental. Thyroidectomized rabbits often shiver 
following pyrogen injections (14), probably because their basal body temperature is 
depressed. In man, 'attenuated’ reactions to pyrogens that are unaccompanied by 
chills are often seen, especially when repeated injections have developed partial re- 
fractoriness (2) or when the environmental temperature is high (3), 

Shivering is clearly an unessential component of the febrile reaction although 
it promotes rapid rise of temperature. Much of the temperature rise occurs after 
shivering has ceased and the degree of fever developed is not strikingly less when 



Fig. 5. Changes in rectal temperatore, ear temperature and respiratory rate of rabb/f igj 
following injection of 2.50 mg/kg. of Pyrexin at 30° environmental temperature (cf. fig. i). 

chiUs do not occur. In dogs. Wells and Rail (15) found that curarization prior to 
pyrogen injection caused little diminution in fever. 

In terms of the ‘thermostatic resetting’ theor}'^ of fever, the most acceptable 
explanation of the omission of chills in man is that, in such reactions, the temperature 
differential between the altered ‘set level’ and the temperature of the thermostatic 
nuclei remains small and so excites onlj'^ physical cold defense. In hot environments 
this could be so because restriction of heat loss causes a rapid rise in temperature. 
In partially refractory individuals a more gradual process of resetting may occur, 
permitting restriction of heat loss to raise the body temperature as fast as the set 
level is rising. But it is questionable whether this hypothesis can explain the absence 
of shivering in the pyrogen-treated rabbit. Exposure to cold stimulates strong shiver- 
ing in rabbits with little fall in rectal temperature; oxr’gen consumption may be in- 
creased more than 150 per cent in this way. The behavior of the heat loss mechanisms 
following pyrogen injection suggests that the thermal thresholds for activation of 
these are raised 1.5° to 2.0'’ within a few minutes after the onset of febrile reactions, 
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for it is only when this degree of hyperthemia has been induced by exposure to heat 
that pyrogens fail to inhibit panting or to cause vasoconstriction in tlie ears. Similar 
elevation of the shivering threshold should cause strong shivering. The slight and 
transient stimulation of metabolism that follows pyrogen injection is unaffected by 
environmental temperature and persists unchanged in the presence of either moderate 
hyperthermia or moderate hypothermia induced by extreme environmental condi- 
tions. Thus it is probable that the increased oxygen uptake is not due to an undetected 
stimulation or potentiation of shivering but to tissues or mechanisms not involved 
in the normal defense against cold. Laszlo and Waclistein (i6) obtained some evi- 
dence suggesting that the heat production of the liver may be increased early in 
pyrogen fever, but Hall, Fishgold and Grant (17) found that the oxygen uptake in 
vitro of liver slices taken from rabbits 20 minutes after vaccine injection is less than 


Table 5. Oxygen coNsuitpxioN (02) and cuanges in rectal temperature (At) following 

INJECTION OF PYREXIN IN SHORN RABBITS EXPOSED TO COLD 


ANIMALl 

BEFORE 

PYREXIN 

AFTER PYREXIN 

ENV. TEiCP. 

DOSE 

1st Hr. 

2 nd Hr. 

3 rd Hr. 







‘’C. 


205 

O2 

22.60 

20.63 

15-02 

IS-IS 

3-0 

2.50 

39-1 

AT 

—0.30 

-0.95 

— 2.40 

— 1.40 



ig6 

O2 

22 . 20 

22.02 

17.14 

20.67 

0.0 

2.50 

39-1 

AT 

—0.08 

+ 0-35 

-1.77 

+0.44 



iSp 

O2 

25.09 

27.03 

19.64 

23-87 

— 2.0 

2.50 

39-3 

AT 

+0.07 

+1.07 

— 1.64 

-1-0.20 



2jy 

O2 

18.03 

18.41 

15-51 

17-65 

-3-0 

1-25 

39-2 

AT 

+0.05 

+0.52 

— 0.42 

-f-o.iS 




^ Initial rectal temperature is shown before the symbol AT. 


that of normal liver. If liver metabolism is increased by pyrogen this stimulation 
must be due to factors no longer operative in the excised tissue. The immediate cause 
of the specific calorigenic response to pyrogens in rabbits thus remains obscure. The 
possibility that endocrine factors such as epinephrine secretion (5) are involved 
merits study. 

The sharp reduction in oxygen consumption beginning about an hour after 
vaccine injection in animals exposed to cold is due to reduction or abolition of shiver- 
ing. Although oxygen consumption remains above the control level, some inhibition 
of metabohsm may occur in the non-shivering animal at this time, for the expected 
increase in oxygen consumption due to increased body temperature is not fully 
realized. Inhibition of shivering can be brought about by many agents and is not 
necessarily due to action on the thermoregulatory centers. But there is good reason 
to believe that inhibition of shivering by pyrogens is due to a central action since 
the phase of inhibition corresponds in time to the transitory phase of renewed ac- 
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tivity of heat loss mechanisms in animals in warm environments. No increase in 
respiratory rate or in ear temperature occurred in the cold. 

Inhibition of shivering is clearly contrary to the postulate that the thermal 
threshold of the thermoregulatory centers is raised at this time. It occurs in 'febrile’ 
animals whose body temperatures are still sub-normal due to exposure to cold, and 
may persist until they have become severely hypothermic. The inhibitory phase is 
transitory; if gross hypothermia has not developed shivering is resumed after about 
an hour. 

Ranson (18) found that TPT vaccine fever in cats is cyclic in nature, involving 
alternating activity of heat conservation and heat dissipation mechanisms. When 
given to cats exposed to severe cold vaccine causes delayed development of hypo- 
thermia as in the rabbit (9). It is well known that vaccine injections produce many 
‘side’ reactions’ (headache, vomiting, hypotension etc.) indicative of disturbed au- 
tonomic function and unrelated to temperature contol. Recent studies with highly 
purified bacterial polysaccharides (19) indicate that these exceedingly active py- 
rogens, rather than contaminants present in the crude vaccine, are responsible for 
the many functional disturbances that accompany pyrogen fevers. The fact that two 
pyrogens as widely different in origin as TPT vaccine and Tyrexin’ produce a vir- 
tually identical sequence of reactions is further evidence that the pyrogens them- 
selves are responsible for both thermogenic and thermolytic phases of response. 
Ranson el al. (20) and Chambers and Windle (21) obtained fever following pyrogen 
injections in cats with lesions of the hypothalamus that had largely destroyed normal 
thermostatic reactions, and Windle (22) has induced chills and fever in cats with a 
partially purified p}Togen after blocking the arterial supply to the anterior brain 
stem. 

Thus the concept of ‘upward resetting’ of the thermal thresholds of the temper- 
ature regulating centers can be applied only to certain aspects of the thermoregula- 
tory derangement produced by pyrogens. Other aspects require assumptions directly 
contrary to this hypothesis. There is, in fact, no satisfactory evidence that the py- 
rogens do influence the hypothalamic thermoregulatory centers; the scant evidence 
now available suggests that they may influence thermoregulation by interfering with 
the motor mechanism of regulation at lower levels in the brain stem rather than by 
altering the thermal sensitivity of the primary centers. 

SUMMARY 

In rabbits, the body temperature rise following intravenous injection of typhoid- 
paratyphoid vaccine or of ‘P3Texin’ at moderate environmental temperatures is 
biphasic. Phases of rising temperature are associated with inhibition of heat loss 
mechanisms and the interpolated 'plateau’ with some activity of these mechanisms. 

A transient specific stimulation of oxygen uptake accompanies the initial rising 
phase. This is maximal 15 to 40 minutes after injection and causes a mean increase 
in oxygen consumption of 1.71 ± 0.20 ml/kg/minute (17.6%) for the first hour of 
fever. The amount of increase in oxygen consumption for the first hour after injec- 
tion is unaffected by exposure to warmth (31°), exposure to cold ( 2 ), or exposure 

to cold after shearing. In shorn cold animals, marked inhibition of shivering and of 
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oxygen consumption during the second hour after injection of vaccine or Pyrexin 
results in hypothermia. 

The bearing of these results on current theories regarding tlie mechanism of 
fever is discussed. 
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EFFECT OF PREFRONTAL BRAIN LESIONS ON CORRECT 
CONDITIONED DIFFERENTIAL RESPONSES IN DOGS 

WILLIAM F. ALLEN 

From the DepartmeiU of Anatomy, University of Oregon Medical School 

PORTLAND, OREGON 

T his seventh study on the function of the association cells of the cerebral 
cortex is concerned with an attempt to locahze an area of tire prefrontal 
cortex which is essential for correct conditioned differential responses of 
the foreleg from olfactoiy stimulation. It was shown previously (i) that prefrontal 
lobectomy prevented correct olfactory conditioned differential reflexes for hundreds 
of tests, while like responses from auditory and tactile stimulations (2) were not af- 
fected by this lesion. The stimuli used for the positive and negative conditioned re- 
flexes were: i) olfactory, inhalation of clove oil and asafetida vapors; 2) auditory, 
tapping a beU and iron cup once per second; j) tactile, stroking the side of the back 
with a brush once per second, with and against the grain. Electric shock of the fore- 
leg served as the unconditioned stimulus for developing the positive conditioned 
reflex, while the command 'No!’ served likewise for the negative conditioned reflex. 
All of the dogs understood the commands 'No’ and 'Quiet.’ To be correct a positive 
conditioned reflex must appear within 7 seconds and the foreleg response must be 
withheld for 10 to 15 seconds for a correct negative conditioned test, depending on 
the time of the positive conditioned reflexes. The first and usual daily session of tests 
consisted of 25 trials with the positive conditioned stimulus and 13 with the negative 
conditioned stimulus. Occasionally these numbers were reversed and the sequence 
of tests was changed. 


CONTROLS 

All tests were made in rooms that were practically sound proof and sounds from 
within were masked by the continuous running of a motor and air compressor. All 
dogs were blindfolded and the sensory hairs about the face were cut. In the olfactory 
tests the mhalations were from clean bottles presented with clean hands about 4 
to 10 cm. from the nostrils. Frequent control tests were made with the same bottles 
closed with glass stoppers or with an empty bottle attached to a long iron wire 
handle. Occasionally the stimulating vapors were given after the nostrils had been 
plugged with cotton and taped. To prevent variations of loudness and differences of 
brush pressure from evoking conditioned reflexes, the strength of the auditory and 
tactile stimuli were varied in some tests or in the same test, but ordinarily the strength 
of the stimuli was kept as near constant as possible. 

The lesions were produced by suction and the first tests were recorded 3 to 6 
weeks after the operation, depending on the extent of cortical destruction. It was 
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most important to keep the animals at perfect ease in all tests in which the lesion 
prevented correct conditioned differential responses. This was especially important 
in making a long series of negative conditioned tests. As a matter of routine the 
author always fed and took care of his dogs. They were always petted before and 
after a session of tests. If they showed signs of anxiety tension, such as licking the 
face, a panting respiration, abnormal muscular tremor, or a tendency to stretch out 
or become limp in the harness, the usual 2-minute interval between tests was in- 
creased and they were often petted between tests, but never immediately before or 
directly after a test. Under these precautions the dogs appeared to enjoy the tests 
in spite of their inability to make correct differential responses. 

Lesion A (Fig. i, Les. A) 

This extirpation was undertaken with 3 dogs and their formalin-prepared brains 
disclosed on each side of the median line a pit, 6 mm. long by 5 mm. wide, in front 
of the cruciate sulcus. The area of destruction was slightly wider and extended a 
little farther caudad for dog 2. Marchi-stained sections through the medulla of these 
dogs revealed slight to considerable degeneration in the pyramids, being most pro- 
nounced in dog 2 and in the right pyramid of dog 5. Dogs 2 and 3 exhibited motor 
symptoms in the hind limbs during the first days following the operations. 

Results. The positive olfactory conditioned reflex was established during the 
first session of tests following the operations witli dogs i and 3, while dog 2, having 
a more extensive extirpation, required 4 sessions of tests for re-establishment of the 
reflex. The more pronounced effects of the lesion for this dog can readily be attrib- 
uted to additional injury to contralateral foreleg motor cortex. 

Column 3 of table i reveals that dogs i and 3 were able to make correct condi- 
tioned differential foreleg responses from olfactory stimulation during the first 
session of tests which followed the operations, while dog 2, ha\dng a wider and more 
caudal extirpation, required an additional session of tests. The summary of all tests 
(columns 6 and 7) demonstrate difficulties that dog 2 had in acquiring these correct 
responses. Columns 4 and 5 of the table show that all of the lesion A dogs were ul- 
timately able to make perfect scores for dail}'- sessions of 38 tests. They were also 
able to respond correctly to a series of alternated positive and negative olfactory 
conditioned tests when the intervals between tests were of 3 seconds’ duration. 

Lesion B (Fig. 2, Les. B) 

Formalin-prepared brains from 2 dogs showed this extirpation to have removed 
a 3 mm. median strip of cortex from each hemisphere, extending from the cruciate 
sulcus to the olfactory bulbs. No notewortliy degeneration was found in the pyramids 
of the medulla and the limbs did not exhibit motor symptoms. 

Results. Two weeks after the operation the first session of 25 tests for the posi- 
tive conditioned olfactory reflex in both dogs resulted in but one failure to respond 
and that was for the first trial. Column 3 of table i discloses that lesion B produced 
no effect on correct conditioned differential reflexes from olfactory stimulation and 
both dogs were able (columns 4 and 5) to make perfect scores for daily sessions of 38 
tests. They could also make correct responses for a series of alternated positive and 
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' Figs. I to s. Lateral and dorsal views of prefontal lobe of a dog’s brain to show exact posi- 
tion of lesions. Ahbreviatioyis: A. foreleg motor cortex; A. Com., anterior composite A.E.S^, 

anterior ectosylvian gyrus; Ans. S., ansate sulcus; A. Sig., anterior sigmoid gyni^_ Les. A, Les, ±5, 
Les. C, Les. D, Lesions A, B, C and D; Olf. Tr., olfactory tract (bulb not shown); Pir. piriform lobe; 
Poster. S., postcruciate sulcus; Precr. S., precruciate sulcus; Presy., presylvian gyrus; Presys. b., 
presylvian sulcus; Pror,, proreus gyrus; Pror. S., proreus sulcus; P. Sig., posterior sigmoid gjums. 

negative olfactory conditioned tests when the intervals between tests were of 3 
seconds’ duration. 

Lesion C (Figs. 3 and Les. C) 

This U-shaped extirpation was made on the brains of 4 dogs. A dorsal view 
(fig. 4) shows the base of the U-shaped pit facing the cruciate sulci (Cr. S.) with both 
arms extending cephalad along the midline and the inner border of the presylvian 
sulci (Presy, S.) to terminate at the level and a little below the level of the proreus 
sulci (fig. 3, Pror. S.). The width of the base of these extirpations at the midline 
ranged from 6 to 7 mm., while the width of the arm portion, varied from 3 to 4 nun. 
None of these dogs exhibited motor symptoms and there was but little degeneration 
in the pyramids of the medulla. 
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Results. The positive olfactory conditioned reflex returned with the first trial 
after the operation for dogs 8 and 8 a and with the gth and nth trials for dogs y and 6 . 
It should be mentioned that dog y was tested previously for the auditory positive 
conditioned reflex and that 7 trials were required to evoke this reflex. 

It is apparent from columns 3 and 8 of table i that none of the lesion C dogs 
were able to make correct conditioned differential foreleg responses from olfactory 


Table i. Oleactory-conditioned sTiiiuLi: on, or cloves ,\nd asafetida 


COETICAL LESIONS, 

DOG NO. 

DEFOEE 
OPER. DIFF. 

FIRST 
APPEARED 
SESSION NO. 

AFTER OPER., 

diff. first 

APPEARED 
SESSION NO. 

DAILY SESSIONS 
AFTER DIFF. WAS 
STANDARDIZED 

TOTAL NO, OF TESTS 

CHARACTER 
OF CORRECT 
COND. DIFF. 
RESPONSES 

Pos. 

C-I 

AVf. 

I-C 

Pos. 

C-I 


A 






1 


I 

ist 

ist 

24-1 

0-13 

72-4 

3-63 

Good 




13-0 

1-24 




2 

ISt 

2nd 

25-0 

0-13 

315-23 

19-168 

Good 




13-0 

0-25 




3 

ISt 

ist 

25-0 

0-13 

lOI-O 

3-92 

Good 




13-0 
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ist 

None 132 

25-0 

13-0 

3054-69 

1982-41 

No 




13-0 

25-0 




S 

ist 

None 135 

25-0 

13-0 

3106-61 

1975-37 

No 




13-0 

25-0 


1 


D 








P 

ist 

None 144 

25-0 

13-0 

3280-68 

2063-42 

No 




13-0 




1 

JO 

1st 

None 13s 

24-1 


3037-166 

2040-1 13 

No 




13-0 






Diff. = correct conditioned differential response; Pos. = positive conditioned reflex; Neg. = 
negative conditioned reflex; Oper. = operations; No. = number; C-I = ratio of correct to in- 
correct responses; I-C = ratio of incorrect to correct responses. 


stimulation. The total number of tests recorded were as follows: Bog 6 received 4199 
trials; dog y, 5146; dog 8 , 5179. Each dog was allowed at least 3 weeks to recover 
from the operations and the tests continued for 5 to 6 months. Columns 4 and 5 of 
the table contain the records of the last two daily sessions for each dog, from which 
it will be seen that there were no errors for the positive olfactory conditioned tests 
and only one correct test for the negative olfactory conditioned reflex. Column 7 
of the table discloses a few absences of response for the negative olfactory con- 
ditioned tests, but column 6 shows as many or more absences of response for the 
positive conditioned tests. 
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After completion of 5146 olfactory differential tests for dog y, this dog was 
tested on 4 successive days for a total of 105 trials with the negative olfactory condi- 
tioned reflex alone, with the result that there were 96 foreleg responses and 9 without 
response. Following these tests with the negative conditioned stimulus, a session of 
mixed tests resulted in but one absence of foreleg response and that was for a posi- 
tive conditioned stimulus. 

There appears to be no valid reason for allowing more than 3 weeks for re- 
covery from the operations. However, no tests were made on dog Sc until 4 months 
had elapsed. Since the records for this dog do not appear in the table, it can be re- 
corded that this dog was able to make a normal positive olfactory conditioned reflex 
during the first tests, but there were no signs of correct olfactory conditioned dif- 
ferential responses during 310 tests, 

A retesting of the lesion C dogs after the operations for correct conditioned 
differential responses from auditoiy stimuli demonstrated that they were aU able 
to make correct responses. Also aU of the lesion C dogs acquired correct conditioned 
differential responses from tactile stimulation with no more difficulty than normal 
dogs. Furthermore, throughout the entire time during which correct conditioned 
differential responses could not be elicited from olfactory stimulation, all of the lesion 
C dogs were not only able to evoke these responses from auditory and tactile stimula- 
tion, but they could make correct foreleg responses for a series of alternated positive 
and negative conditioned tests when the interval between tests was 3 seconds. 

Lesion D {Fig. 5, Les. D) 

Formalin-prepared brains from 2 dogs (p and 10), in which this extirpation had 
been made, revealed identical cortical damage and the possibility of additional 
injury to the left foreleg motor cortex of dog jo. A comparison of figure 5 with figure 

3 shows lesion D to be very similar to lesion C, differing from it only by failure to 
reach the midline, dorsaUy, by 3 mm. and extending about 3 mm. further ventrad. 
There was some Marchi degeneration in the right pyramid of medulla sections of 
dog JO, but none in the left pyramid or either pyramid of dog p. Cutaneous placing 
reflexes could be elicited from the forelegs of both dogs and there were no motor 
symptoms. 

Results. Three weeks after the operation, the positive olfactory and the positive 
auditory conditioned reflexes returned early during the first session of tests with 
both dogs. Columns 3 and 8 of table i show that both lesion D dogs were unable to 
make correct foreleg conditioned differential responses from olfactory stimulation 
during 5453 and 5356 trials, which continued over periods of about 6 months. Dog 
JO was allowed a vacation of a month before the last thousand tests were made. 
It is apparent from the summaries of all tests (columns 6 and 7 of the table) that 
nearly all of the positive and negative olfactory conditioned tests resulted in foreleg 
responses, which signifies that the positive tests were nearly aU correct and the 
negative tests were largely errors. The scores for the last two daily sessions (columns 

4 and 5) are in complete agreement with the total results. 

After completion of the long series of olfactory conditioned differential tests, 
dog JO was tested for 12 daily sessions for the negative conditioned reflex alone, with 
the result that there were 296 foreleg responses and 4 absences of response. 



53 ° 


WILLIAM F. ALLEN 


Volume ISP 


Both lesion D dogs re-established correct conditioned differential foreleg re- 
sponses from auditory stimulation during the early tests of one session that followed 
the operation, and they acquired these responses from tactile stimulation with no 
more difficuhty tlian an unoperated dog. During the entire period following the oper- 
ations in which dogs p and lo were unable to make correct conditioned differential 
foreleg responses from olfactory stimulation, they were not only able to make these 
correct responses from auditoty and tactile stimulation, but could respond correctly 
to a series of alternated positive and negative conditioned tests from auditory or 
tactile stimulation when the inter\'al between trials was of 3 seconds’ duration. 

DISCUSSION 

According to Pavlov, Babkin (3) reported that a little more than prefrontal 
lobectomy in dogs permitted re-establishment of a positive conditioned reflex from 
auditory and optic stimulation and from tactile stimulation of the extremities, but 
not from trunk stimulation. However, a negative conditioned reflex from tactile 
stimulation could always be obtained from any part of the skin. These animals 
displayed marked hyperthesia and temporary postural disturbances. 

Lesions A, B, C or D and the previously reported prefrontal lobectomies (i, 2) 
sometimes abolished for short inter%’’als the positive conditioned reflex from olfac- 
tory, auditory or tactile stimulation, but these temporary effects were attributed to 
slight injury to the contralateral foreleg motor cortex. More important, this study 
has shown: i) that lesions A or B produced no permanent effect on correct condi- 
tioned differential responses of the foreleg from olfactory' auditor}’’ or tactile stimula- 
tion and 2) that lesions C or D, while ha\dng little or no effect on correct conditioned 
differential responses from auditory or tactile stimulation, abolished these responses 
from olfactory stimulation. 

The principal effect of lesions C or D was inabihty to witlihold the foreleg 
response during a negative conditioned test or lack of correct inhibition. However, 
an occasional negative conditioned test resulted in absence of foreleg response. 
The total number of these absences of response was in direct proportion to the num- 
ber of errors for the positive conditioned stimulus. This proportion varied a little 
according to the number and order of the stimuli used and whether the dog belonged 
to the easily inhibited or easily excited type, but even in a series of several hundred 
negative conditioned tests, there were very few absences of foreleg response. At 
times punishment of errors for the negative conditioned tests appeared to elicit 
sufficient external inhibition to delay the appearance of the foreleg response for 2 or 
or 3 seconds. 

Since lesions C or D did not injure the lateral olfactory tract, it is apparent 
that the circuit required for making correct conditioned differential responses from 
olfactoiy stimulation was severed in the region of the lesion. 

It is apparent that lesion C or D destroyed a large portion of Tower’s (4) pre- 
frontal inhibitory field for the cat, the stimulation of which was said to arrest move- 
ments eheited from stimulation of cortical area 4. It also included all of Carol’s (5) 
and Beckett and GeUhom’s (6) suppressor band 8s for the cat. This suppressor band 
is physiologically comparable to the other cerebral suppressor bands, which Hines 
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(7, 8), Dusser de Barenne and McCulloch (9), and Verhaart and Kennard (10) 
found inhibited movement in monkeys. It should however be noted that Olson (ii), 
with dogs, and Clark and Ward (12, 13), with monkeys, were unable to inhibit move- 
ment, other than respiration from stimulation of the prefrontal lobe. 

If this prefrontal region is a genuine inhibitory area for movement as the weight 
of evidence suggests, this study indicates that lesions C or D destroyed the important 
efferent mechanism for evoking correct conditioned differential responses from ol- 
factory stimulation. To speculate further, one may assume that this prefrontal area 
developed from a need for inhibition to oppose olfactory excitation, just as suppressor 
band 19 and the other suppressor bands may have arisen from cortical needs for 
inhibition of optic, auditory, cutaneous and muscle sense stimulation, or the inhibi- 
tory centers in the formatio reticularis of the brain stem and cord may have been 
evolved for needs of inhibition from other cranial and spinal nerve excitation. To 
attain the required attention necessary for dehberation the cerebrum must be able 
to inhibit separately and collectively the effects of the various sensory stimulations. 

This interpretation for the effects of lesions C and D has been considerably 
strengthened by the disclosure of this study that the required inhibition necessary 
for making correct conditioned foreleg responses from auditory and tactile stimulation 
was not impaired from lesions C or D, and the additional disclosure of a previous 
study (14) that a considerable ventral portion of the prefrontal cortex represented by 
lesions C or D received direct connections from the most important olfactory ter- ^ 
minal of the brain, namely, the cephalic half of the piriform lobe. These connections ^ '-7 
were demonstrated (14) from recordings of electrical potentials following stimula-’ ^ 
tions of the piriform lobe and from dissection of the uncinate fasciculus. Rose and / . , . 
Woolsey (15) have shown marked degeneration of cells in the median thalamic ; 
nucleus following extirpation of this region in the prefrontal cortex. It would appear T 
that this nucleus is not the usual source of olfactory impulses for correct conditioned y •. 
differential responses, since extirpation of the hippocampus or transection of the 
fornices (1) did not affect these responses, while ablation of the piriform lobes (16) 
abolished them. * 

Considerable data suggests that cortical inhibitory impulses are propagated 
extrapyramidally to lower motor centers. The writer presented evidence (17, 18) 
from spinal cord lesions, that stimulation of a small orbital prefrontal area in the 
rabbit no longer arrested respiration or slowed the pulse if the reticulo spinal tracts 
were eliminated. Dusser de Barenne and McCulloch (9), have reported that mhibi- 
tion of motion, elicited from stimulation of 4s and other cerebral suppressor bands, 
is propagated extrapyramidally, independent of the caudate nucleus, corpus stria- 
tum, substantia nigra or cerebellum. McCulloch, Graf and Magoun (19)? Verhaart 
and Kermard (10), Ward and McCulloch (20), Mettler (21, 22) and Papez (23) 
have either stimulated or extirpated suppressor band 4s or neighboring areas of the 
prefrontal region and obtained electrical potentials or Marchi degeneration in various 
relay areas in the brain stem. 

On the other hand, it has never been disproved that the inhibition required 
for a correct negative condition reflex cannot be initiated by the negative condi- 
tioned stimulus suppressing the action of the motor cortex through timing or by some 
direct mode of action. 
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SUMMARY 

BDateral, prefrontal lesions A or B (figs, i and 2) resulted in no permanent 
effects on the olfactoiy, auditory or tactile positive foreleg conditioned reflex. Oc- 
casional temporary effects occurred from slight injuries to the contralateral foreleg 
motor cortex. 

Bilaterally, lesions C or D (figs. 3-5), while having no permanent effect on the 
positive olfactory conditioned reflex, abolished all correct foreleg conditioned dif- 
ferential responses from olfactory stimulation for over 5000 tests, which extended 
over periods of 6 months. Meanwhile, these correct responses could always be ob- 
tained from auditory or tactile stimulation. 

The chief effect of lesions C or D on the olfactory differential tests was inability 
to withhold the foreleg response for tlie negative conditioned stimulus or lack of 
correct inhibition. 

It is apparent that lesions C or D severed somewhere the circuit required for 
correct olfactory differential responses. Since the lesions extirpated Tower’s (4) 
prefontal inhibitory field for movement or suppressor band 8s of other authors, it 
seems likely that they removed the efferent center required for evoking correct 
negative conditioned reflexes from olfactory stimulation. 

Consideration was given in the discussion to the possible fmiction, origin and 
outlet of this prefrontal inhibitor}'- area. 
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GASTRIC DISTENTION AS A FACTOR IN THE SATIATION 
OF THIRST IN ESOPHAGOSTOMIZED DOGS 

E. J. TOWBIN^ 

Vrom the Department of Physiology, University of Rochester School of Medicine and Dentistry 

ROCHESTER, NEW YORK 

I N THE maintenance of constant water content of the body, mechanisms that 
initiate drinking behavior have received considerable attention. Those mech- 
anisms which signal that the volume of water drunk is adequate for the needs 
of the organism require equal analysis. The present experiments elucidate one of the 
mechanisms operative in the satiation of thirst. 

The dog, when in water deficit, will quickly drink an amount of water accurately 
gauged to make up that deficit (i, 2). Satiation occurs long before any appreciable 
volume of the ingested water has been absorbed from the gut (3). If a dog with an 
esophageal fistula is allowed to sham-drink, it will take an amount of water that is 
some 250 per cent of its real deficit before temporary satiation occurs. But, if a 
volume of water equal to the deficit is put into the stomach and the dog is irome- 
diately allowed to sham-drink, it takes an amount of water close to its real deficit. 
These observations were interpreted (4) as evidence for at least two factors which 
play a role in the satiation of thirst, a sub-fistulous factor and a factor operative 
above the esophageal fistula. 

This investigation is a study of the quantitative relations between real and sham 
drinking, and of the r 61 e of the filling of the stomach as a factor in the satiation of 
thirst. 


GENERAL METHODS 

The day preceding an experiment a dog with a surgically produced esophageal 
fistula was given only part of its water ration; sometimes sodium chloride was added 
to its food. On the experimental day the thirsty dog was placed in a stock, and after 
a rest period a pail of water was set before the animal. The water that poured out of 
the fistula was caught in a large beaker and measured. Most animals drank steadily, 
then stopped and left the water pail, thus giving a clear end-point to the drinking. 
At this point the water was removed. Since the satiation from sham drmking is short 
lived, tests of thirst intensity were run at hourly intervals in most of the experi- 
ments. The experimental period was usually alternated with control periods as illus- 
trated in figiue 2. 

The esophagostomies were done in one stage under sodium pentobarbital anes- 
thesia. Transthoracic vagotomies were also performed imder the same anesthesia. 
AH vagal strands were dissected free and removed from the 5~cm. section of the esoph- 

Received for publication August 16, 1949- 

^Present address: Department of Medicine, School of Medicine, Duke University, Durham, 

N. C. 


533 



534 


E. J. TOWBIN 


Volume ISP 


agus just above the diaphragm. The major nerve trunks were ligated with silver 
clips. It was believed that the resection of some 5 cm. of nerve plus the application 
of silver clips would make effective regeneration impossible. Completeness of the 
operations was verified at autopsy. 

The stomach balloons used in these experiments were condoms fixed to a length 
of smooth soft-rubber tubing. They were passed into the stomach through the gastric 
stoma of the esophagostomy. For each experiment, the balloon remained in the 
stomach (empty or inflated) until the dog was ready to return to its cage. The balloon 
was fiUed and emptied, by gravity, from a calibrated reservoir of warm water 
that was raised above the dog’s head just before each test, and lowered below its 
stomach level after each test. These motions of the reser\'oir were always carried 



Fig. I. Tiorst slaked when 
water was put into stomach one 
hour previously. 


out; the clamp on the connecting tube was only released when the balloon was to be 
filled. 

In none of these experiments did the filling of the stomach balloon cause any signs 
of nausea. 


RESULTS 

Efecl of Replacing Pari of the Water Deficit. After establishing a control level for 
sham drinking in 9 dogs, a volume of water, expressed as percentage of control sham 
drinks, was put into the stomach. After one hour, a time adequate for absorption, 
the dog was again allowed to drink. These experiments (fig. i) indicate that ab- 
sorption of roughly 40 per cent of the amount of water sham-drunk in the control 
tests is adequate to completely slake thirst. In other words, the dog sham-drinks 
some 250 per cent of its real deficit. We conclude that when the water swallowed is 
short-circuited (esophagostomy) and does not reach the stomach, the animal’s ability 
to judge accurately the volume drunk is seriously impaired. 
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Naiure of the Distention Stimulus. In normal drinking, the water entering the 
stomach could directly affect the mucosa, causing the release of a humoral agent 
which in turn acted upon central mechanisms to cause drinking to cease. On the other 
hand, the effect of the water might be just mechanical. By comparing the inhibitory 
effects on sham drinlcing of water free in the stomach versus water kept from con- 
tact with the mucosa by a balloon, one of the above hypotheses may be invalidated. 
If the main effect of the water is mechanical then the free water and the water in 
the balloon should give the same degree of inhibition. If, on the other hand, the me- 
chanical role is a negligible one, there should be little effect on sham drinking when the 
water is contained within the thin-waUed stomach balloon. Figure 2 represents a 
typical experiment on the effect of filling the stomach baUoon with water just before 
alternate drinking tests. This experiment not only shows that balloon filling par- 


m STOMACH BALLOON EMPTY 


Fig. 2. Inhibition of sham 
drinking by the inflation of a 
stomach balloon; typical experi- 
ment on dog 4. 


STOMACH BALLOON INFLATED, 400 co. 
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tially inhibits sham drinking but it also gives some indications of the variability 
inherent in these experiments. Each of the solid dots in figures 3, 4 and 5 represents 
the averages obtained in one experiment like this. 

The effect of water in the stomach was tested by first establishing a control 
level of sham dr inkin g and then measuring the volume of water sham-drunk im- 
mediately after filling the stomach with some percentage of the control volume of 
water. We may first examine all the experiments done on some one dog (fig. 3); 
two experiments show the effect of water in the stomach and seven show the effect 
of stomach-balloon inflation. The hand-fitted line shows that if the stomach is in- 
flated with a volume of water equivalent to the control sham drinks (100 per cent 
on abscissa) then the drinking will be only one third as great as the control drinks, 
a 65 per cent inhibition. It makes no difference if the water is in contact with the 
stomach or is contained in a stomach balloon. 
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Figure 4 is a plot of 20 'balloon’ experiments on 6 dogs, and ii 'water’ experi- 
ments on the same dogs. Although the lumping of data from 6 dogs makes the spread 
greater, in general tlie conclusions made with reference to the previous graph are 
applicable to the experiments in which the stomach balloon was inflated; increased 
stomach dilatation causes increased inhibition of sham drinking. The plot for the 
experiments in which the water was in contact with the mucosa shows no definite 
trend. This scatter may be explained by the fact that each of these points, open 
circles, represents just one test, whereas each of the solid points, 'balloon experi- 
ments,’- represents the average of 3 to 6 tests. 

The effect of the water in the stomach is mainly mechanical but, with these data, 
it is impossible completely to rule out some specific 'chemical’ or contact effect that 
may play, a contributory role. Though gastric distention is the most prominent 
eature of filling the stomach with water, factors such as pressure upon the abdominal 
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Fig. 3. iNHEBinox of sham 
drinking by falling the stomach. 
One dog, 9 c-xperiments. 


wall and stretching of mesenteric attachments may also play a part. Such factors 
result from the weight of water and may be circumvented by inflating the balloon 
with air. In the one experiment where air inflation was used sham drinking was 
inhibited by about 50 per cent. The use of the word distention in this paper refers 
to the whole complex that may result when the stomach balloon is filled with water. 

Quantification of Inhibition of Sham Drinhing by Distention. To summarize the 
effect that filling a stomach balloon has upon the volume of water sham-drunk, the 
values for all the experiments performed have been plotted in figure 5. The hand- 
fitted line shows that with 100 per cent inflation of the balloon, drinking is inhibited 
by 60 per cent. This indicates that with the balloon empty, drinking was about 250 
per cent of the real deficit, which checks closely with the results obtained in the 
experiments where part of the water deficit was replaced. 

In other words, when 100 per cent of the control volume is put into the balloon 
the inhibition is sufificient to bring the sham drinks down to about one third of their 
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control size, or down to the range of the real deficit. It seems that in drinking the 
distention of the stomach plays a r61e in the estimation of the volume of water to be 
ingested. 

Individual Sensitivity to Gastric Distention. Are all dogs equally sensitive to 
stomach distention? In part A of table i are summarized the mean results for aU 
experiments performed on each of lo dogs. From these data, the inhibition in sham 
drinking that would result from filling the stomach balloon with a volume of water 
equal to the control sham drinks has been calculated. Implicit in such a calculation 
is the assumption that percentage inhibition of drinking and percentage balloon in- 
flation are linearly related. This assumption receives some support from figures 4 and 
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STOMACH FILLING, %. CONTROL DRINKS 

Fig. 4, Effect upon sham drinking, in 6 dogs, of water put in stomach balloon and of water 
put directly in the stomach. 

5. These calculated values for inhibition give a basis for comparison among the 10 
dogs. 

The animals exhibit individual variations to the distention stimulus; inhibi- 
tion ranged from 26 to 78 per cent with a mean value of 57 cent. So, though all 
dogs tested make use of distention cues, they seem to vaiy in their dependence upon 
these cues. 

» 

F/ec/ of Gastric Distention upon Ad Libitum Sham Drinking. During the course 
of the above experiments it was observed that when the stomach balloon was in- 
flated the dogs seemed quite content after taking their sham drinks, often curling up 
and going to sleep. Whereas, when the balloon was empty there was restlessness and 
gazing toward the sink from which the water pail came. 

In addition to these qualitative observations a few experiments were designed 
to show how the dog sham-drinks when the water is available for a long period, and 
what effect the filling of the stomach balloon has under these circumstances. Results 
of one such experiment are plotted (fig. 6). The 3 hours during which water was 
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available are spaced by 2 hours when the pail had been removed. Despite the huge 
draft of over 4 liters, the dog took three additional drinks during the next 7 minutes, 
the stomach balloon being empty. In the next drinking hour the inhibition in drink- 
ing caused bj’- inflation of the balloon not only reduced the first drink to a bit over 
2 liters, but only one additional drink was taken during the next 25 minutes. After 
the balloon had been filled for about one half hour, the dog sham-drank much as it 
did when the balloon was empty. The third drinking hour starts out with the bal- 
loon empty and is a somewhat more typical drinking pattern than the one of the 
first hour. When the balloon is filled in the second half of this hour, only Uvo drinks 
are taken. 

That distention of the stomach plays a role in the satiation of thirst is again 
evidenced by the decrease in the frequency of drinking in such experiments as this. 



Fig. 5. Intubitiox of sham 
drinking by inflation of stomach 
balloon. 


STOMACH BALLOON INFLATION, 
% OF CONTROL DRINKS 


Pathway of the Distention Cue. Since distention of the stomach is one of the cues 
for thirst satiation in the dog, a question arises: what is the path of the aflPerents for 
such a cue? The distention stimulus may be transmitted to the central nertmus sys- 
tem by humoral or nervous means, or by both. 

What suggestions may be obtained from previous investigations? Humoral trans- 
mission of gastric distention stimuli have been shown (5) to participate in the con- 
trol of gastric secretion in the dog. Sensory endings in gastric muscle, such as might 
be capable of mediating the sensation of distention, have been described (6). In the 
cat ‘distention’ afferents from the stomach have been shown to be in both vagi and 
in the S3mipathetic chain when pupiUo-dilation was the observed response (7). At- 
tention was focused mainly on the vagus, for it has been assigned, in classical phys- 
iologjq the role of mediating impulses from the stomach that are responsible for 
satiety of hunger (8). 

Supradiaphragmatic vagotomy was performed on 5 dogs and the effect, on 
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drinking, of balloon distention of their stomachs was tested. Part B of table i sum- 
marizes these experiments. 

In general, inflation of the balloon to the control-drink volume produces ap- 
proximately a 57 per cent inhibition in drinking prevagotomy, but only a 15 per 
cent inhibition postvagotomy. Tliree of the 5 dogs take drinks, witli the balloon 
inflated, as large or larger than their control drinks. The balloon distention no longer 
has any effect on drinking in these dogs. Dog 6 shows a 36 per cent inliibition post- 
vagotomy but there are no preoperative experiments on this animal for comparison. 
However, this value is below the general trend of sensitivity for the dogs that were 


Table i. Effect of inflating a stomach balloon upon sham drinking 


DOG NO. 

KO. OF 

EXPERIMENTS 

BALIXJON r-itPTV: 
MEAN SHAM'DRUNK 

\ 

MEAN BALLOON [ 
INFLATION 
VOLUME 

BALLOON inflated: 
MEAN SHAM-DRUNK 

PER CENT INHIBI- 
TION IN SHAM 
DRINKING IF 
BALLOON IVERE 
INFLATED TO CON- 
TROL drink VOL. 
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732 

SI 

12'* 

I 

430 

\ 

366 ' 

iSS 

75 


3 

1790 

\ 

850 

1568 

26 

16 •- 

4 

1691 


800 

1240 

57 

Mean = 57 


B. Fostvagolomy 


6 

1 

I 

2356 

980 

2010 

36 

86 

0 

392 

467 

1 395 

— I 

12-0 

I 

655 

300 

680 

-9 

ij9 

2 

780 

790 

802 

-3 

16 0 

2 

1865 

830 

1419 

S3 

Mean = 15 


tested prevagotomy. There are both pre- and postvagotomy experiments on dog 
16, and in this dog vagotomy does not seem to have produced any change in sensi- 
tivity to the balloon. At autopsy this vagotomy was grossly complete and one must 
suppose that this dog made use of distention cues other than those that might vary 
impulses that ascend the vagus. 

The individual experiments for those dogs where there are both pre- and post- 
vagotomy experiments have been plotted in figure The data are keyed, as in- 
dicated in table i, so that the experiments for any one dog can be differentiated from 
the others. All the postvagotomy experiments show less inhibition of drinking than 
the preoperative experiments in the same dog except one experiment for dog 16. 
This one value is even out of the range for the preoperative data. 
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DOG NO. 16 

STOMACH BALLOON INFLATED, 500 et. 


Uil 




TIME * HOURS 


Fig. 6. Freqttencv of sham drinking as affected by stomach balloon inflation. 



STOMACH BALLOON INFLATION, 
io OF CONTROL DRINKS 


Fig. 7. Vagotomy, as it af- 
fects sensitivity to stomach bal- 
loon inflation. The dogs may be 
differentiated by the hej^s on the 
points. See table i. 


Vagotomy in the esophagostomized dog markedly reduces the inhibition of 
sham drinking caused by stomach distention. Some dogs may not rely completely 
upon vagal pathways for tlie transmission of the distention stimulus. 
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DISCUSSION 

The satiation of thirst that immediately follows drinking is apparently brought 
about by the summation of afferent impulses that result from the drinking itself. 
However, this is a temporary satiation, for if no water actually enters the internal 
environment (esophagostomy) the dog will, within a few minutes, again exhibit 
drinking behavior. The factors that enter into this initial temporary satiation are 
probably numerous, and include the afferent activities initiated by the filling of the 
stomach. The ‘distention’ cue is only a part of the complex that enables the dog to 
judge the volume of water drunk, for even when deprived of this cue (esophagos- 
tomy) the dog does stop drinking. Without the distention cue, the other components 
of temporary satiation must overwork before drinking is inhibited; this results in 
over-drinking. 

The author postulates that the ‘distention’ cue, along with other as yet uni- 
dentified cues, acts, in the fashion of negative feed-back, to inhibit drinking. When 
the feed-back is enough to counteract the factors which have to do with initiating 
drinking behavior a state of temporary satiation exists. Subsequent to the absorp- 
tion of water the factors initiating drinking behavior are removed and then a state 
of relatively permanent satiation exists. 

SUMMARY 

A series of experiments upon sham drinking in esophagostomized dogs when in 
water deficits revealed the following: i) The dog sham-drinks some 250 per cent of 
its real water deficit before temporary satiation occurs. This indicates that when the 
water drunk does not reach the stomach the animal’s ability to measure its intake 
is seriously impaired. 2) Distention of the stomach reduces the volume of sham 
drinking and the frequency of sham drinking so that sham drmking takes on the 
characteristics of normal drinking, j) Distention of the stomach may be accomplished 
by a water-filled stomach balloon with results similar to those in which water was in 
contact with the mucosa. Mechanical factors account for the major effect of stomach 
filling as far as inhibition of drinking is concerned. 4) All dogs tested make use of 
distention cues but they vary in their dependence upon these cues. 5) The main 
afferent pathway for impulses initiated by gastric distention and concerned with 
the regulation of drinking probably ascends the vagi; for, following vagotomy, 
distention of the stomach has almost no effect upon sham drinking. 6 ) Satiation of 
thirst includes an immediate temporary satiation and a subsequent permanent 
satiation which follows the intestinal absorption of water. 
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STUDIES IN CALCIUM URINARY EXCRETION WITH THE 

AID OF RADIOCALCIUM 1 

J. GOVAERTS 

Fmn the Insiitul dc Clinique cl Policliniqnc mtdicalcs, Lahoratoire do Physique nucUairc, 

Univcrsil6 dc Litge 

LIEGE, BELGIUJI 

S EVERAL investigators have used radiocalcium as a tracer in the study of cal- 
cified tissues. Campbell and Greenberg (i) studied the retention and excretion 
of Ca^^ given by stomach tube to a rat. As has been shown by Greenberg (2), 
vitamin D promotes the absorption of calcium from the digestive tract. Experiments 
performed by Pecher (3) indicate a selective concentration of radiocalcium in the 
skeleton giving a method to irradiate the skeleton selectively for therapeutic pur- 
poses. Recently Armstrong and Bamum (4) studied the metabolism of calcified 
tissues by the simultaneous use of radioisotopes of calcium and phosphorus. 

We have used radiocalcium to test the mechanism of excretion of calcium by the kidney. Our 
previous observations (5) with radiophosphorus in the study of excretion of phosphorus indicate 
that exogenous phosphate is handled differently from endogenous phosphate by the kidney. During 
the first hour after an intravenous injection of labelled disodium phosphate solution into dogs, the 
urine receives a higher proportion of exogenous over endogenous phosphate than would be expected 
judging from tlie ratio of the two tj^pes of phosphate found in the plasma. After ij- hours, Uie plasma 
and urine ratios approach equality. From our observations we may conclude that the physico-chemi- 
cal state of an important fraction of the so-called inorganic phosphate in the plasma is different from 
that of the injected phosphate. Onl}’’ a small fraction of the acid-soluble phosphate is in a pure in- 
organic, rapidly exchangeable form. 

Friedlander and Wilde (6) recently stressed the importance of this observation as it bears upon 
their method of calculating plasma to tissue exchange rate by substituting the terminal urinary 
isotope ratio in place of the integrated plasma value. The calculation of exchange rate requires a pre- 
cise evaluation of the ratio of the tracer and non-tracer isotope entering a tissue from the plasma. The 
urine ratio enables one to check on tliis. 

EXPERIMENTAL DETAILS 

Radioactive calcium was produced by the pile at Clinton Laboratories, Oak 
Ridge, Tennessee. The radioactive material had a high specific activity (0.015 
mc/mg.). The radiocalcium was in the form of CaCL dissolved in water. 

Dogs were anesthetized by chloralose and the ureters were catheterized. Blood 
samples were taken from the femoral artery. The animals received intravenously, 
labelled calcium chloride solutions containing 0.373 9° calcium and about 

0.310 counts per minute of Ca^®. Before and immediately after administration of the 
calcium solution, blood samples were taken and small samples of urine collected. 

Radioactivity measurements were made with a thin mica window Geiger-Mul- 
ler tube. All measurements were corrected for the resolving time losses and for back- 

Received for publication May 23, 1949. 

1 The Ca^® was furnished by the U. S. Atomic Energy Commission. 
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ground. An effort was made to keep the corrections for resolving times as low as 
possible. All samples were dry ashed at 5oo°C. and were placed as dry samples with 


Table i. Serum data 


TIME' 

TOTAL SERUil 
Ca 


EXOGENOUS OR INJECTED 
SERUM Ca 

SPECIFIC 

ACTIVITY 

hr. 

min. 

ms Ice. 


tlS/CC.i 

% of total 


0 

0 

0.1130 





0 

6 

0.1145 

0.073 

0,272 

0.24 

0.637 

0 

II 

0.1270 

0.060 

0.227 

o.rS 

0.479 

0 

32 

0.1118 

0.039 

0.145 

0.13 

0.348 

0 

52 

0.1270 

0.039 

0.148 

0. 12 

0.313 

I 

30 

0. I2CO 

0.041 

0.154 

0.12 

0.320 

2 

0 

O.II4O 

0.027 

0.100 

O.OQ 

0.236 

3 

19 

O.II9O 

0.026 

0.096 

0.08 

CO 

M 

<N 

d 

4 

17 

0. 1110 

0.021 

o.oSi 

0.07 

0.196 

5 

2 

0. 1160 

0.017 

0.063 

0.05 

0.147 

5 

42 

0.1007 

0.018 

0.067 

0.06 

0.179 

6 

25 

0. 1100 

0.014 

0-053 

0.05 

0.129 


^ Time after injection at which blood sample was drawn. 

- In I cc. of serum, expressed as percentage of the total dose of activity. 

® Calculated by multiplying the proportion of Ca in ixg to counts in the injected material by 
the number of counts in i cc. of serum or urine. 


Table ia. Urine data 


time' 

URIKE 

COLLECTED 

total urine 
Ca 


EXOGENOUS OR INJECTED 
URINE Ca 

sPEanc 

activity 

hr. 

min. 

CC, 

ms/ce. 



% of total 


0 

2 

29.0 

0.0878 





0 

3-5 

6.7 

0.0S50 



0.31 

0.852 

0 

7-5 

9-4 

0.0780 



0.24 

0.658 

0 

15 

8.0 

0,0910 



0.17 

0.475 

0 

30 

7-0 

0.0850 

0.031 


0.13 

0.369 

0 

44 

I 9 -S 

0,0691 

0.021 


0.11 

0.309 

0 

57 

23.0 

0 . 0642 

0.018 


0.10 

0.292 

I 

13 

13.5 

0.0624 

0.020 


O.ll 

0.320 

1 

34 

10.0 

0.0585 

0.015 


0.09 

0.261 

1 

56 

6.5 

0.0438 

0.014 


0.12 

0.333 

2 

19 

18. 5 

0.0682 

O.OII 


0.06 

0.174 

2 

56 

18.0 

0.0244 

0.008 


0.12 

0.340 

3 

47 

6.5 

0.0273 

0.008 


0.11 

0.319 

4 

39 

6.0 

0.0244 

0.005 


0.08 

0.217 

s 

46 

5-0 

0.0370 

0.005 

IHH 

0.04 

0.135 


^ Time after injection at which urine sample was collected. 

2 In I cc. of urine, expressed as percentage of total dose of activity. ® See footnote 3, table i. 


identical geometry under the counter. Standards prepared in the same manner were 
also measured. The reproducibility of such procedure is indicated by duplicate ra- 
dioactive measurements of serum which agreed within 3.4 per cent. 
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Blood was allowed to clot and the serum collected. Calcium was precipitated as 
oxalate and determined chemically according to the standard analytical procedure. 
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Fig. I. V/VRiAHON of total Ca in scrum. Rate of disappearance of the injected calcium in serum. 
Cumulative e.xcretion of injected calcium by urine. Variation of exogenous calcium as a percentage 
of total calcium present in the plasma and in the urine. Radiocalcium injected at time zero. 



Fig. 2. Variation of total Ca in serum. Rate of disappearance of the injected calcium in serum. 
Cumulative excretion of injected calcium by urine. Variation of exogenous calcium as a percentage 
of total calcium present in the plasma and in the urine. Radiocalcium injected drop by drop during 
one hour. 


RESULTS AND DISCUSSION 

The data obtained in one typical experiment are shown in table i. The dog 
weighed 5.5 kg. and received 0.373 mg. labelled calcium chloride. Figure i shows 
graphically the variation of total and exogenous calcium in serum and the cumula- 
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tive excretion of tagged calcium in urine during about 6 hours following injection. 
The variation of exogenous calcium expressed as percentage of total calcium present 
in the plasma and in the urine is also shown in figure i. 

The exogenous calcium appears to be an equal proportion of calcium in serum 
and in urine even for the fijst samples of urine collected after injection. Similar re- 
sults are obtained by injecting smaller or larger quantities of calcium, even when the 
calcium solution is injected drop by drop over longer time as shown in figure 2. 
Figure 3 shows that the rate of calcimn excretion increased with the injected amount. 
Nevertheless the absolute quantities of calcixim excreted are lowered when too large 
doses of calcium uncompensated by potassium are injected. This accompanies a fall 
in urine output. 


Fig. 3. Influence of total amount of 
calcium injected on rate of urinary excre- 
tion of radio-calcium and on cumulative 
elimination in the urine. Each curve repre- 
sents the mean data obtained with different 
animals. 



The excretion of calcium in the urine is different from the excretion of phos- 
phorus. Exogenous calcium is not handled differently from endogenous calcium by 
the kidney. The injected calcium, in pure inorganic form, is excreted by the kidney 
at the same rate as endogenous calcium of the plasma. In view of the results obtained 
wuth radiocalcium we may conclude that the differences observed between the excre- 
tion of calcium and phosphorus by the kidney cannot be attributed to the radioac- 
tivity of the tracer. The possibility of an isotopic separation is also no more likely 
for phosphate than for calcium. 


SUMMARY 

Radioactive Ca^®, with a half life of 180 days, was used in tracer studies con- 
cerning urinary excretion of calcium. Radioactive measurements show that exoge- 
nous calcium, unlike phosphate, is excreted into the urine in proportion to its abun- 
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dance in plasma as a percentage of total Ca in the latter system. The percentage of 
exogenous PO4 found in urine exceeds that for plasma. 

I am indebted to Professors L. Brull and G. GuCbcn who sponsored this work. My thanks are 
due to Prof. L. Brull for making the animal preparations. I wish to express my appreciation to Miss 
Vossins, Aliss Grisard and Mr. Bezzan for technical assistance. 
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KETOGENIC ACTION OF NIACIN IN THE NORMAL 

FASTED RATI 
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'\ARLIER it was shown that a ketonuria resulted if excessive amounts of 
niacin were fed to severely diabetic rats (i). This observation was somewhat 
J surprising since there was no known explanation for the ketogenic action of 
this compound. The present work is concerned with the study of the effect of niacin 
on the production of ketone bodies in the normal rat. Since it is difficult to produce 
a ketosis in the rat, the method of fasting as employed by Deuel and Hallman (2) 
has been used. 


EXPERIMENTAL 

Female rats of the Long-Evans strain, 6 to 8 months of age, were used. Niacin 
was dissolved in physiological saline and made up so that a given amount was con- 
tained in 5 cc. of the solution. One intraperitoneal injection was given daily. Control 
rats received 5 cc. of saline. 

The rats were kept in metabolism cages. Urine was measured daily and tested 
for acetone by the sodium nitroprusside method. In all experiments total urinaty 
acetone bodies were determined on the 3rd and 5th days of fasting by the method 
of Van Slyke. In certain instances, these determinations were also made just preceding 
the fast and after 7 days of fasting. 

The ketogenic action of niacin was studied in both fasting and nonfasting ani- 
mals. The following experiments were conducted: i) Non-fasting rats were injected 
with 35 mg. of niacin per day for 5 da3’-s while receiving a basal synthetic diet- which 
contained 18 per cent protein (3). This niacin solution had a pK of 3.6. 2) Animals 
were fed a diet containing an excessive amount of niacin (1 mg/ gm. of diet) previous 
to a 5-day fast. During the fasting period the rats were mjected with 35 mg. of niacin 
per day. 3) The effect of other levels of niacin was also investigated. 4) In addition to 
the experiments with niacin, the ketogenic activity of two acids and two vasodilators 
was studied. 

The non-fasting rats which received excessive amounts of niacin for 5 days 
usually showed no acetonuria.® This was not surprising, however, because the rat 

Received for publication July 20, 1949. 

^ This investigation has been made with the assistance of a grant from the Committee on 
Therapeutic Research, Council on Pharmacy and Chemistry, American Medical Association; also, 
by a grant from the Central Scientific Fund, College of Medicine, State University of Iowa. 

2 The vitamins and prostigmin were supplied through the kindness of Hoffmann-La Roche Inc.; 
the mecholyl chloride by Merck & Co., Inc. 

® The average acetone body excretion for 8 rats was 0.3 mg. during the last day of injection. 
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is apparently very efficient in metabolizing fats as evidenced by the difficulty of 
producing ketosis in this animal (4). 

In contrast to the non-fasted rats, the majority of animals which were fasted 
and given excessive amounts of niacin showed a marked acetonuria. This was evident 
in the series of rats which was fed the diet containing excessive amounts of niacin 
and then fasted for 5 days while receiving niacui injections. Only a mild acetonuria 
was observed previous to the fast (table i). On the 5th day of fasting the urine from 
most of the rats gave a 4 plus test for acetone, while that of the saline controls was 
usually from o to 2 plus. 

The daily dose of 35 mg. of niacin was an arbitrary value based on the average 
amount ingested by diabetic rats which had showed a ketonuria. The effect of daily 
injections of 5, 20 or 50 mg. of niacin was also investigated. Urinary acetone values 
for these rats as well as for some prefast and fasted controls are shown in figure i. 
The treated animals varied in their response to the drug, some failing to show a 
ketonuria, but the 35 and 50 mg. levels seemed to be the most ketogcnic. One value 


Table i. UiuNiVRy acetone bodies, MG/24 hours (averages) 





1 

\VT. 

aiANCES 

AV. FOOD 

intake/ 

DAY FOR 

S DAYS 


ACETONE 


TREATMENT 

DIET 

NO. RATS 

DURING 

E.\PER. 

PERIOD 

j 

1 Prefast 

3rd Day 
j of fast 

! Sth Day 
of fast 




SOI. 

sm. 




Saline 

Basal prior to 5- 
day fast 

7 

— 29 

II 

0.37 

1.24 

1.96 

Saline prior to fast; 35 
mg. niacin during 
fast 

Hi niacin prior to 
S-day fast 

1 

1 

1 

7 

1 

i 

-29 

12 

2.50 

n .46 

15-31 


for an animal which received 5 mg. of niacin daily is not sho^ra on figure i as it 
reached 89.24 mg. on the 5th day. The diet fed tlie animals previous to fasting, which 
was either Rockland rat ration or the basal synthetic diet, did not affect the response 
to niacin. 

In an effort to determine how long the ketonuria would persist after niacin 
injections were discontinued, a group of rats was injected with niacin during the 5- 
day fasting period and then fasted 2 additional days, at whicli time they were injected 
with saline. The excretion of acetone bodies returned to normal or near normal levels 
at the end of the 7-day fast. This is in agreement witli obsen’^ations on diabetic rats. 
When the amount of niacin was reduced to the requirement level, the acetonuria 
usually disappeared within 2 days (i). 

The question arises as to whether the excretion products whicli were present 
in the urine were acetone bodies or some compound which might give the test for 
acetone; and whether the metabohsm of niacin per se might yield acetone bodies. 
As to the first point, a verification test (5) showed indirectly that the excretion prod- 
ucts, calculated as acetone, made up about 98 per cent of the precipitate. Most 
of the acetone bodies were in the form of beta-hydroxybutyric acid. As to the metab- 
olism niacin, it is very unlikely that the excretion products could give the test 













December ip4g 


KETOGENIC ACTION OF NIACIN 


549 


for acetone. Nevertheless, compounds closely related to niacin which were available 
in the laboratory’’, some of which would be present in the urine only under extreme 



Fig. I. Effect op niacin on the excretion of urinarj’- acetone bodies (individual values for 
last 24 hours of s-day fast). 


Table 2. Effect of other acids and vasodilators on urinary acetone bodies 


TREATITENT 

OF 

NO. RATS 

TERMINAL 

URINARY ACETONE BODIES 

mg /24 hours 

SOLUTION 

WEIGHT 

3 rd day of I 
fast ! 


Saline control 

1 

6-5 

15 

gm. 

207 

1 .09 

1.73 

Niacin, 35 mg/day 

3-6 

15 

202 

8.67 

13-03 

Prostigmin bromide, 3 mg/day 

7.2 

8 

219 

0.65 

0.53 

Mecholyl chloride, 10 mg/day 

6.5 

8 

200 

0.83 

1.46 

Hydrochloric acid 

3-4 

8 

205 

0.37 

1.07 

Propionic acid 

3-1 

! 8 

1 

' 224 

0.65 

I-I 5 


pathological conditions, were studied. Methyl nicotinamide, trigonellin, nicotinic 
acid, nicotinamide, coenzyme I, sodium nicotinate and acetyl pyridine hydrochloride 
were tested, and none of these substances produced the characteristic complex 
acetone precipitate with the Van Slyke method. 
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The acid and vasodilatory properties of niacin were of interest in relation to 
the ketogenic action of this compound. Accordingly, two acids and two vasodilators 
were given normal fasted rats. Unfortunately, an aromatic acid was not available 
which had the same ionization constant as niacin and yet was sufficiently soluble 
without being toxic. Solutions of hydrochloric acid and propionic acid with approxi- 
mately the same pB. as the niacin solution were used, and although propionic acid is 
probably antiketogenic (6) neither acid caused an increase in the production of ace- 
tone bodies (table 2). Likewise it was virtually impossible to find compounds which 
induce a vasodilation similar to that produced by niacin. Two compounds, mecholyl 
chloride and prostigmin bromide, which are vasodilators in human beings, were 
given to fasted rats but caused no increase in the elimination of ketone bodies (table 
2). The prostigmin was dissolved in 5 cc. of distilled water and given by stomach 
tube. 

It is not possible to state at the present time whether the ketonuria induced by 
niacin results from an over-production or an under-utilization of acetone bodies. 
In the event that differences in lipids of the liver might help to answer this question, 
some of the livers have been studied by (ytochemical methods. However, no marked 
differences have been noted in the amount or the distribution of the lipids in the 
ketotic and non-ketotic rats. 


STODL4.RV 

The daily intraperitoneal injection of e-xcessive amounts of niacin into normal 
fasted rats of the Long-Evans strain, for periods up to 5 days, produced a marked 
ketonuria. The ketogenic action of this compound is probablj’- not associated with 
its acid or vasodilatory properties. 
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T he best after-dinner speech I ever heard 
before this Society was one given by Pro- 
fessor Carlson, then President of the Society, in 
Cleveland in 1925. I am not sure just what he 
said but I am sure that it was highly entertaining 
to the Society. One thing I do remember. He told 
us about his dream. He dreamed that he went to 
heaven and was strolling down the golden streets 
and happened to run into the late and much 
lamented Dr. Cannon. Unfortunately, Dr. Cannon 
was not as happy as one should be in that environ- 
ment and Dr. Carlson inquired very solicitously 
about the reason for liis troubles. Dr. Cannon 
heaved a sigh and explained that everything was 
really very lovely — ^indeed it was too lovely and 
that was just the trouble. Nothing exciting and 
unexpected ever happened and there was no em- 
ergency and therefore no need for his adrenal 
glands. 

Those were days of peace and comparative quiet. 

In these troubled times some of us may look for- 
ward a little wistfully to a no-emergency time 
in the Happy Researcli Grounds in the good com- 
pany’’ of Dr. Cannon and many others whose names 
are honored by members of this Society. I like 
sometimes to think that the life-hereafter will 
offer plenty of interest and excitement even though 
it may be free of emergency in the strict sense; 

^ Past President’s address, read at the dinner of the 
American Physiological Society, at the First Fall Meet- 
ing, Minneapolis, Minnesota, September 16, 194S. Pub- 
lished at the request of the Council. 
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I hope it will offer us a complete access to the 
knowledge of life processes for which we now strive 
so strenuously and devotedly, a backstage view of 
physiological processes. At the end of my course on 
ph3'siology I sometimes use a lecture or lectures 
on muscular exercise as a convenient means of 
summarizing the material previously presented. 
For in times of stress all the physiological mecha- 
nisms of the body are more or less involved in one 
way or another. To dramatize this subject I once 
tried the rather whimsical trick of presenting it as 
a Phj’^siologists’ Baseball Game in the Elysian 
fields. All the great physiologists of the past were 
present in the grandstands and all the great mili- 
tary heroes of the past such as Ajax, and Odysseus, 
Achilles and Hector were participating in the 
game. Each physiologist was equipped mth a 
special pair of glasses designed to filter out and 
reveal to the wearer the particular bodily processes 
or the particular chemical substance in which he 
was interested. If you had the pn glasses and 
wanted to change them for membrane potential 
or bodily fatigue or Ca or ATP glasses you merely 
applied to the angel in charge and signed a receipt. 
Thus Harvey had the circulatory goggles, La- 
voisier, the respiratory goggles, and perhaps Pavlov 
was catching up on the CNS with brain-wave 
glasses. Helmholtz with the visual goggles is par- 
ticularly excited over the exact mechanism of 
color vision which he now observes for the first 
time and he watches with keen interest when the 
ball is pitched and observes the many mechanisms 
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by which the tiny image of the ball flitting rapidly 
over a few cones in the fovea initiates with breath- 
taking perfection the beautifully coordinated 
movements of the whole body which result in a 
home run by the wily Odysseus right over the 
backfield fence into hell. DuBois Reymond is 
there too with Galvani, both looking through 
nerve-muscle goggles. When Odysseus passes the 
home plate in a state of some fatigue, DuBois 
Reymond leaps up in great excitement and slaps 
Galvani on the back and says, “Look how the 
potassium and acetylcholine are piling up in his 
myoneural junctions. Isn’t that beautiful!” Thus 
all the secrets which they strove so hard to discern 
throughout their working lives arc now revealed 
to them clearly and painlessly in all tlieir beautiful 
details. No wonder they are as excited and en- 
thusiastic as any real-life baseball fan over the 
World Series. 

Enough, however, of this Alice in Wonderland 
stuff! It wasn’t much of a lecture and I mention 
it only because it illustrates the sort of a paradise 
which a physiologist would like to experience on 
earth — a paradise whicli he is in danger of losing 
in the stress of present conditions. What we want 
is to fill our hearts with wonder over the beauty of 
life processess, our minds with intellectual curi- 
osity over the mechanisms employed, and our 
waking hours with earnest efforts to discover and 
understand and where possible apply these 
mechanisms. 

What I wish to say tliis evening is that there are 
influences abroad which may destroy this type of 
paradise if we are not careful and that much of 
the danger lies in the fact that physiology has 
now taken to horseback like its elder sisters, 
physics and chemistry. 

The first World War came and went and left 
physiology as an infant science in this country. 
Some physiologists worked during the war on shock 
or aviation medicine but on the whole this was a 
minor effort. The status of physiologists was not 
materially changed by that conflict. It was still a 
science for the Ivory Tower and few young men 
were going into physiology for a career. 

I need not remind you that the last war has 
changed aU that. One sign of the times is the 
founding of the Journal of Applied Physiology. 
Industry beckons with a strong arm. The persua- 


sive call of the Almighty Dollar has penetrated 
to the once quiet recesses of the laboratory. The 
portentous international situation has cast its 
spell over us and the urgency of National Defense 
problems has diverted our former interests into 
new channels of military significance which now 
claim varying proportions of our time. Suddenly 
we have found ourselves projected from our Ivory 
Towers into the Marts of Men. The ‘long-haired 
boys’ have left their laboratories and are out with 
tlie hlen on Horseback in the military camps, 
on the sea and in the air, and in all the unfriendly 
environments from the pole to the equator. By 
way of personal e.\ample I hope you will pardon 
me if I mention, not without a touch of pride, 
that ten days ago I went snorkeling in a sub- 
marine and dove 25 fathoms deep in the waters 
of Long Island Sound. What business had a pre- 
war civilian physiologist in such a place! 

The war of course had a great effect on all 
sciences. The atom bomb and radar have sold 
scientific research to the public in a vciy convinc- 
ing manner and for large sums of money. I really- 
believe, however, that it changed the status of 
physiologists (or biologists in general), and perhaps 
of psychologists, more than that of other scientists. 
The professional stock of both these groups rose 
to unprecedented levels and their ser\'-ices were 
and still are in demand and apparently highly- 
appreciated by military men. As a sign of the im- 
portance of physiolog)'- to tlie military ma}' I 
mention that in the new Committee of Medical 
Sciences of the Researcli and Development Board, 
the three civilian members appointed were as- 
signed, one to surgery, one to medicine and one to- 
physiologj'. This is a clear indication of tlie number 
of militarj’^ problems which came witliin our range 
of competence. 

All this is very flattering and advantageous to- 
physiologists. We now have something to sell;, 
our services are in demand. Long hve the phys- 
iologist says an appreciative world. “On what?”' 
says the physiologist. Now at last there is a good 
prospect that there wiU be at least a living for all 
the physiologists we can train. Without an ade- 
quate market for its students no science can really 
thrive because it will not attract the best brains; 
competition will not be keen enough for the best 
selection and there will be too few drones to sup- 
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port the queens. In the future every student can 
■expect a job. The danger is that in gainmg a living 
Te may have to prostitute his intellect for an ap- 
plied problem of commercial or military importance 
which is devoid of fundamental significance. 

The need for basic researclr is perhaps illustrated 
in an amusing way by a story which I am told has 
been going tlie rounds of the Navy recently. A 
man called up a veterinarian about his sick cat, 
and described its symptoms. The veterinarian 
understood calf for cat and prescribed a pint of 
■castor oil which was duly administered (more or 
less). Some days later the veterinarian met his 
client and inquired about the welfare of the pa- 
tient. The man threw up his hands in despair and 
said that the cat had had a hard time and had 
■enlisted the assistance of three other cats. One was 
digging holes for him, the second was covering 
them up and the third was way out in front open- 
ing up new territory. We probably need and should 
have two applied researchers for every one in basic 
research but we cannot do without the latter, the 
fellows who are out in front opening up new fields, 
developing new interpretations, new products, new 
ideas, and new methods. How few of the papers in 
our scientific journals are really original and new, 
in the sense that the theory of relativity, for ex- 
ample, is new? Yet one such good new idea is worth 
a thousand others because it stimulates a flood of 
new work. 

Likewise one brilliantly original physiologist is 
worth a dozen less inspired workers. Physiology 
would profit much from an intensive Talent 
Search at the doctorate level. Personally, I must 
confess that I am thorouglfly tired of the excessive 
publicity given in some of our journals to the Tal- 
ent Search among the teen-agers. It is more im- 
portant to seek out and reward the brilliant young 
investigator in his early 30’s and to provide for 
■every man of sufficient promise an unrestricted 
fellowship appointment where for once in his life 
at least he can give free rein to any original talent 
for research which he may possess without any 
regard to the practical applications of his efforts. 

As more and more money is spent on research, 
more and more must also be spent on the adminis- 
tration and organization of that effort. More and 
more committees are set up in Washington, some 
■of which overlap to varying degrees. There is a 


Physiology Study Section in the National Insti- 
tutes of Health; there is a Physiology Panel in the 
Office of Naval Research; there is a Physiology’’ 
Panel under the Research and Development Board. 
There are committees on Aviation Medicine and 
Undersea Warfare in the National Research Coun- 
cil; meanwhile other panels on these same two 
subjects are being set up under the Research and 
Development Board. I do not say that there is no 
need for all these committees and many others 
which I have not mentioned but the very existence 
of so many physiological committees is proof of the 
fact that physiology like so many other sciences 
has at last taken to Horseback. 

AH of this takes the time of the men who serve 
on these committees. The sole object of research 
of the member-professor is in danger of becoming 
only the search for his last travel orders and his 
last Pullman stub. When he tries to sit b}'^ the fire 
and think, it is not to worry about why potassium 
is inside and sodium outside the cells but to con- 
sider how best to catch his next train. Or perhaps 
he is trying to foresee the practical problems which 
will suddenly be presented for solution to the Com- 
mittee on Medical Research of some new OSRD at 
the outbreak of a stUl hypothetical but aU too pos- 
sible World War HI. For these are the problems 
which should be undertaken now, in peace time, 
before it is too late. Anyhow he has too many 
diversions and rolling stones gather no moss. Such 
are the dangers. 

How then shall we sum up the present situation 
with its promise of great progress and its subtle 
dangers? Do we want it as it is or must we change 
it? Admiral Groesbeck had an answer to this ques- 
tion in the form of a story which he told recently 
at a banquet of the NRC committee on Aviation 
Medicine. He lost his way, he said, on an auto- 
mobile trip in the Southern mountains and stopped 
at a little cabin for some water. While the woman 
was pumping the water for him one of the many 
little children about the place rushed in and said, 
“Ma come quick, Johnny has fallen into the mud 
in the pigpen and he’s sinking fast.” AU rushed out 
accordingly to the pigpen where, sure enough, 
Johnny’s head was just visible above the mud. The 
mother hesitated only a moment, then planted her 
foot with firm decision on the boy’s head and 
pushed him out of sight into the mud. Then she 
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brushed off her hands and returned to the pump 
remarking by way of explanation to the astounded 
Admiral, “It’s easier to get another one than to 
clean him off.” 

I think we will all agree that it is easier to clean 
off the present situation in physiology' than to get 
a new one. The baby-getting technique does not 
work for physiology\ The American Physiological 
Society is dedicated to physiological researdi and 
the process of ‘cleaning it off’ involves cliiefly the 
responsibility of taking care that phy'siology keeps 
its escutcheon bright and untarnished in spite of 
the corroding influences of the Horseback Era. In 
this effort, however, we are on the two horns of a 
dilemma and it takes a strong head to carry them 
both. On the one hand tlie Men on Horseback have 
honored us by asking for our services and we must 
not let them down. On the other hand we must not 
forego altogether the productive peace and quiet 
of the Ivory Tower. Mr. Truman said correctly 
that the scientist did not want to work in an Ivory' 
Tower. Not exclusively so, anynvay. 

Every' laboratory' can easily handle a few prob- 
lems in applied research. I heard of one university 
which offered to undertake one applied research 
problem at a cost of over $60,000 when in my' opin- 
ion a sufficient answer to the specific question pro- 
posed could easily have been obtained for S3000. 
Perhaps the high price proposed was a measure of 
the distastefulness of the problem and perhaps it 
was to be used to pursue the problem into abstract 
and theoretical areas npt really demanded in the 
original request. Anyhow this seemed to me un- 
necessarily defensive; or are we just ‘money'-mad’? 
Applied problems are not all bad nor do the basic 
problems turn out to be all good. Many are com- 
plete failures. Also many of the applied problems 
of the war have proved to be very' stimulating and 
inspiring and have opened up extensive new areas 
for study. Moreover the Service laboratories for 
applied research are in most instances very fine 
places to work, mth many' very real advantages in 
the way of superior and unique facilities. In a 
recent tour which I have just completed of many 
of the military medical research installations of the 
Northeastern area I found considerable opportu- 
nity for the initiation of original studies and for 
the pursuit of these investigations in a thorough 
and basic manner. Much of our best physiological 


work docs and will, I trust, continue to emanate 
from these laboratories. 

Finally' I might confess that I have greatly ov'cr- 
emphasized the distinction between applied and 
basic research. The danger is rather from bad re- 
search as compared to good research. Bad research 
on a basic problem is worse than good research on an 
applied problem. In these day’s of easy money for 
granls-in-aid there is a danger of setting up so 
large a team of inexpert workers that the accumu- 
lated data exceed the digestive powers of the re- 
sponsible investigator. The result is one type of 
bad researdi. The investigator over-busies himself 
to such an. extent tUo.t he leaves himself no time to 
think. He is a victim of the project complex. He is 
an empire builder. He should get off his horse and 
go back to his knitting in the Ivory Tower. 

I do not say that all extensive projects are bad. 
Most are necessarily large and very good. But the 
danger does exist. Another danger of easy money' 
is the one-morc-technician complex, the idea that 
any' problem can be worked out by' adding one 
more technician without additioniil allowance for 
time to think. Easy' money' and the empire-building 
complex is partly responsible also for the man- 
power shortage. In one famous case A helped B to 
obtain a fat grant. Then B in his affluence tried to 
take two skilled electrophy'siologists away' from A’s 
laboratory to help him on his project. One govern- 
ment agency creates so many' new jobs by' grants 
that other government agendes are unable to se- 
cure needed personnel. Salary' levels rise, which is 
good, but the overall quality' and quantity of good 
researdi does not. Thus we have a rising tide of 
diversion from true sdentific work. 

Like every serious problem this one deseri'es 
wise and rational consideration quite unlike the 
reasom’ng shoira by two men who were out fishing 
in the ocean and found tlieir boat rapidly being 
carried out by' the tide, in spite of their strenuous 
efforts to row. They prepared to throw out the 
anchor but found the anchor rope missing. It 
seemed hopeless but there was no other solution. 
In desperation Erastus said, “Better throw it out 
anyway', boss. It might do some good.” 

It might do some good to refuse to engage in 
applied research. It might do some good to refuse 
to serve on government committees wliich eat up 
valuable study hours, however important and in- 
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ter^ting they might appear to be. It might do 
S 07 }ie good to refuse approval of large grants-in-aid 
which merely create new jobs and rob Peter to paj’’ 
Paul. It might do sojue good to kill the goose that 
lays the golden eggs. 

But it would also do harm and would be as futile 
as an untied anchor. The one sure anchor with a 
sure anchor rope lies in any measure whicli will 
entice the best possible brains into physiologj’- and 
give to each man in both Service and university 
laboratories the best opportunity to develop his 
individual potentialities for original work. Quality 
attracts quantity and the young men in physiology 
today are ‘red hot’. I should hate myself to be in 


competition with the 1948 crop. The w^ar has showm 
these young men that physiology is useful and that 
a good man can accomplish big things in that field. 
It is as if gold has been discovered and a young 
gold rush has started. (I refer to scientific gold 
here — not the stuff that glitters.) There should 
soon be enough good men to dig holes and cover 
them up as well as to look for new places to dig. 
Thus physiologj’’ is stronger today in the horseback 
era than ever before and it will continue to grow if 
we provide good men and continue to feed them 
calories in the form of good salaries and plenty of 
vitamins in the form of scientific freedom. 



MUSINGS OF A PHYSIOLOGIST^ 
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L ast year we had the rare pleasure of listen- 
ing to the whimsical treatment of the topic 
‘Physiology on Horseback’ by my respected prede- 
cessor Wallace 0. Fenn. If he had done nothing 
more than to record for all time his fable of the sick 
cat and basic research, his speech would have been 
worthwhile. Of course in saying so, I am not de- 
precating the value of the other gems he cast before 
us. 

At this juncture I am reminded of tlie definition 
of education which has been propounded by my 
friend Herbert Feigl, the pliilosopher. In describ- 
ing contemporary education he says that it con- 
sists in the casting of artificial pearls before real 
si^ine. I have been told on what I consider to be 
excellent authority that the interest of the Con- 
gressional House Committee on UnAmerican Ac- 
tivities in the investigation of text books used in 
American colleges and universities was aroused by 
a secret report that some teachers were instead 
throwing real pearls around. I cannot vouch for 
the accuracy of this story because such matters 
are strictly confidential and I was told it by the 
mother-in-law of a University President who said 
she heard it from her cleaning woman who is the 
wife of a janitor in the philosophy building, who 
said he had read it in the waste paper he picked up 
from the office of a graduate student. However, it 
has the ring of truth about it. My only reason for 
doubting it is that no ex-communist, ex-editor of 
Time, Life or other such lucid publication has 
found evidence for it in his Halloween pumpkin. 
However, that may turn up ten years from now. 

Wallace Fenn put me in a very bad spot by giv- 
ing the sort of speech he did last year. It would be 
unfair to him to say that we had not expected him 
to come out with a model of the witty after-dinner 
speech. As one who has worked with him in nu- 

1 Past-President’s address, read at the dinner of the 
American Phj’siological Society, at the Second Fall 
Meeting, Augusta, Georgia, September i6, 1949. Pub- 
lished at the request of the Council. 


merous activities for a dozen years I have to admit 
tliat I knew he was capable of doing exactly what 
he did, but, to be honest, I must say I thought 
that he was much too generous to do it. He knew 
perfectly well that lie was setting a standard that 
the rest of us who are foUoiiung along in the Presi- 
dent-Elect, President and Past-President groove 
might not be able to approach, let alone equal. 
However, the job is now awaiting me and I must 
not waste your time with trivialities. 

‘Physiology on Horseback’ was a title, however, 
that permits one to choose as to whether the next 
year one will keep up with the horseplay or go into 
something more consonant with the staid dignity 
of academic mores. I have thought about varia- 
tions on the horseback theme. I have wondered 
whether I should not perhaps discuss as a physiolo- 
gist the relative merits of riding English or West- 
ern saddle, but since I ride EngUsh and live in 
what some provincial people in the East think is 
the West I felt I might be in some confusion. Then 
it occurred to me that I might simply take the 
original topic and discuss it in full. Professor Fenn, 
as you may recall, did not say anything that really 
bore on his title. It was simply a jumping off place 
and allowed him to tell some jokes w'ith a tinge of 
barnyard odor, without having it seem incongru- 
ous. Not to break the tradition I hope to bring in a 
bit of the pungenc}'- of the lower alimentary tract of 
the higher vertebrates, but I shall, h’ke my dis- 
tinguished predecessor, keep the concentrations of 
the indoles, skatols and mercaptans down to re- 
spectable limits. 

Not being a psychoanalyst I am not prepared to 
sa}"- why our former President chose the title Ph}'si- 
ology on Horseback, but I am sure there must be 
some deep, dark secret, perhaps dating from his 
intra-uterine past, which accounts for it. For my 
part I have tried to choose a topic which can have 
no possible psychoanalytical, or shall I say ir- 
rational, interpretation. That is why I have chosen 
to speak without any announced subject. This way 



December ig4g 


PAST PRESIDENT’S ADDRESS— 1948 


557 


I enter into no contract, real or implied, except to 
occupy some of your time. This I hope to do with- 
out boring you, but I make no promises. Since I 
have lived for more than thirty years in a so-called 
higher educational atmosphere I have had little 
exercise in humor, other than that which I could 
see in the position of academic people in a generally 
suspicious and, by turns, contemptuous and jealous 
world. However, our academic colleagues have for 
the most part been able to retain a sense of humor, 
as something more than a vestigial remnant of an 
organ. They are, I believe, too much restrained in 
their use of humor, however, particularly in meet- 
ing the problems that arise in connection with the 
emergence of science as a Frankenstein monster 
which the bewildered people of the world do not 
know what to do with, and react by suggesting that 
the scientists who created the beast should either 
be eliminated or at least sterilized to render them 
incapable of other acts of procreation hke it. 

I wonder whether scientists might not get further 
in their approach to the Congress and State Legis- 
latures if they were to concentrate on letting the 
American people know how ridiculous certain U. S. 
Senators appear to them rather than by taking 
their uniformed prattle about nuclear physics seri- 
ously and acting as though it came from a rational 
mind. One devastating turn of ridicule would have 
more effect than a thousand pages of reasoned 
argument in the rough and tumble of a pohtical 
debate. 

A few months ago I hstened to one of the Deputy 
Surgeons General of the U. S. Public Health Serv- 
ice explain the underlying principles of the theory 
of crime and guilt. He told the story of a chemist 
in England who was hauled into court charged 
with illegal possession of a still. The chemist ad- 
mitted possession of the still but he couldn’t under- 
stand why it was illegal to have one. He was told 
that it was because of what he might do with the 
equipment in his possession. He then became very 
much concerned and said he was ready to plead 
guilty, but he wanted also to plead guilty to other 
crimes, in particular that of rape. He was asked 
whether he had actually committed rape. “No”, 
he said, “but I have the equipment for it in my 
possession!” 

It occurs to me to suggest that those people in 
the House Committee on TJn.American Acthdties 


who purport to see spies behind every laboratory 
door are perhaps suffering from one or more of 
several difficulties. Either they are confused, as 
was the EngUsh chemist, with the distinction be- 
tween possession of an organ, in this case the brain, 
and the use of it for immoral purposes; or they may 
themselves have so httle intelligence that they are 
unable to conceive of a rational basis for loyalty to 
one’s countrj’’; or their own standards of ethics may 
be so low that they cannot comprehend that most 
people are just naturally decent, kind, honest and 
reliable. 

I am afraid that I couldn’t assemble the kind of 
positive proof that would satisfy the Editorial 
Board of the American Journal of Physiology as to 
the statistical reliabihty of the conclusion, but it 
is my everyday experience that most people I come 
in contact witli are helpful, reliable and kind. I 
have found this to be true in a dozen countries and 
in persons of ever}’- race. The only marked ex- 
ceptions to tlus rule arise when men ride in motor 
vehicles, when they get into direct competition for 
privileges of one sort and another and especially 
when they get into professional pohtics. 

I do not propose to publish these conclusions as 
scientificaUy verified facts but I would be willing to 
stake my reputation as an observer of hmnan be- 
havior on their general vahdity. Consequently, I 
am much more con-vdneed of the general decency of 
the average citizen than I am of the average pohti- 
cian. A few months ago a newly elected IJ. S. 
Senator said to me in private conversation, “It has 
been a great shock to me to see at first hand how 
few of our Congressmen speak their own minds or 
vote their onm principles, in fact how few of them 
have any real principles at all. What pass as prin- 
ciples are dictated by pressure groups and powerful 
sponsors.” 

About a month ago there appeared in Science 
a summary of a report by the A.A.A.S. Committee 
on Civil Liberties for Scientists, of which Commit- 
tee I had the prh’ilege of serving as the Chairman. 
In connection with the preparation of that report 
I had an opportunity to see how perilously close 
■vv'e are in this country to a total eclipse of intel- 
lectual freedom. Fear and hatred have so stirred up 
the midbrain and hypothalamic centers of millions 
of otlrerwise sane people that they no longer retain 
cortical dominance. 
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It has been impossible for me to refrain from 
thinking about the reasons for a special distrust of 
science and scientists by many people. First and 
foremost among the reasons for public suspicion of 
the loyalty of scientists is, I believe, the fact that 
almost all scientists recognize that science itself is 
imiversal and has no uniqueness for any race, re- 
ligion or nation. The general acceptance bj'’ scien- 
tists of the thesis that basic knowledge must flow 
freely across political, geographic and racial lines 
if the national welfare is to be best served, causes 
many well-meaning people to doubt that such per- 
sons could possibly be loyal nationals in any coun- 
try. Such a doubt, however, betrays a remarkable 
lack of comprehension of the realities of the situa- 
tion as well as of human nature. In arguing the 
advantages of free exchange of scientific informa- 
tion the scientist is simply saying that any other 
policy is ultimately stultifying to scientific progress 
itself and that it would soon lead to equality rather 
than superiority of scientific and technological 
status in one country as compared with other na- 
tions. The more nationalistically selfish a sdentist 
is, the more Augorously he should argue for absence 
of seaecy in basic science. The average Congress- 
man cannot, perhaps, be expected to comprehend 
such reasoning. Not because he is too stupid, I be- 
lieve, but rather because he knows too little about 
the facts of the case and he is so busy worrying 
about his re-election that he has no time to waste 
on such abstruse matters as what makes for sci- 
entific supremacy in a country. 

The persons who worr}' about the loyalty of 
scientists also grossty misjudge human nature. 
They seem to assume that scientists are fools of 
the first order. We all know that scientists are fools 
in the e3'’es of those who put financial return above 
other rewards in life, but this is really only second- 
degree foolishness. A first-order fool is one who 
makes his position in society untenable by what he 
does. He steals from a bank, commits murder or 
betrays State secrets. I have scarcely known any 
scientists who gave evidence of being first-order 
fools. I doubt that there are many. Despite a lot 
of press releases on the subject the House Commit- 
tee on UnAmerican Activities hasn’t been able as 
yet to find a single one in this country. 

The second reason why scientists are suspect, I 
believe, is that they are ordinarity believed to be 


idealists, and idealists are thought to be dangerous. 
To dispel this notion I propose that scientists 
should demand more monetary compensation and 
do it more vigorously. This should disabuse anyone 
of the notion that scientists arc peculiarly lacking 
in worldly wisdom and expensive tastes. 

A third reason for distrust of scientists as a class 
is unquestionably because they are considered to 
be intellectuals. From the time of Socrates or be- 
fore the man of reason has always been more or 
less suspect to his dominant contemporaries. In our 
times the opprobrium attached to the tenn ‘brain- 
trust’ portrays the unwholesome significance at- 
tached to cerebral activity, faj-'a large and powerful 
segment of the American population. Anti-intel- 
lectualism is a hallmark of mid-twentieth centurj' 
America. Thinking entails questioning, questioning 
implies lack of faith, lack of faith means rejection 
of authority, and rejection of authority is repug- 
nant to those in positions of authority. Therefore, 
intellectuals are vcr>' dangerous people. 

Of course that conclusion is correct, as far as 
authoritarians are concerned, but not as far as 
reasonable people who want to learn the truth are 
concerned. The dogmatists in America, in Russia 
or in religious sects are bound to fear enlightened 
reason, but for the simple man reason is nothing 
to be feared, but rather something to trust for his 
betterment, if it can be given free pla5% 

The situation for scientists in our current world 
is not a happy one because science has become a 
major factor in international power politics. Sci- 
entists have become pawns in a planetary' chess 
game. The pawns arc being sacrificed to save the 
major pieces. History tells us that civilizations do 
not have immortality. Great Powers have risen 
and fallen. Cultures have waxed and waned. The 
human race, however, has always managed to sur- 
vive and I predict that it will do so again, even in 
the face of atomic and biologic warfare. I do not, 
however, care to risk a judgment as to how much 
of any present major world power will survdve. 

History also tells us that since the invention of 
the printing press knowledge has survived ever^’' 
national catastrophy and we may rest quite well 
assured that science as a body of knowledge and as 
a discipline will survive the new stupidities whicli 
our generation or one of the next maj’- very pos- 
sibty commit. Nevertheless we have no cause to be 
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supinely silent while atrocities against decency and 
reason are being committed. While there is still 
freedom to protest, enlightened persons have an 
obligation to point out the stupidity of the suicidal 
urge of dominant groups to suppress the develop- 
ment of science. 

It is a fetish among many contemporary pseudo- 
inteUectuals, as I presume it has been from time 
immemorial, to attempt to build up a logical case 
for believing that what is quite obviously true is 
false. For example, we live in a civilization in which 
practically everything we use for sustenance, for 
pleasure or for enlightment is in one way or an- 
other the product of, or conditioned b)'', the results 
of scientific discovery. Yet every day our news- 
papers, our magazines, our new books, our preach- 
ers and our politicians are trying, many of them, to 
argue that it is not true. They would have us be- 
lieve that these facts are in essence illusions. We 
are told that science is the destroyer of ancient 
virtues and that it has created a world in which 
man has so much power over nature that he cannot 
be trusted in exercising his reason in controlling it. 
We are told that only by return to authoritarian 
reUgion sustained by an elite power group of one 
sort or another, depending for its color upon which 
side of the East-West line one happens to be, can a 
sensible and just societal system be achieved. 

As scientists we are committed to rejection of 
any preconceived opinion save one. Our dogma is 
that the closest approach to truth can be achieved 
by the scientific method. Such a commitment is the 
common bond between all true scientists. It links 
all scientists in the struggle against the bigotry of 
anti-evolutionists in the United States and Ly- 
senkoism in Russia. It should also link us aU in the 
current struggle for preservation of scientific free- 
dom from politics in the United States. Some of 
you who have not been intimately concerned with 
the civil liberties problem may feel that I am over- 
emphasizing the gravity and imminence of the 
present danger. Certainly we as scientists should 
avoid even the suspicion of paranoia in the present 
situation. Some group must keep its head clear. 
But in escaping paranoia we need not feign blind- 
ness. I recommend that scientists, as individuals 
and groups, reject every proposed encroachment 
upon their freedom of thought. They should treat 
the anti-intellectualism of our times as one would a 


carcinoma. There is always danger from the in- 
vasiveness and the metastatic tendencies of the 
tumor. Many persons die of cancer, but a few are 
cured. Our civilization may die, too, of the cancer 
invading it, but there is a chance for cure. In any 
case there is no sense either in complacency or 
hysteria. My prescription for the disease besetting 
us in eradication of the primary lesion of anti- 
intellectualism and a vigorous campaign of general 
enlightenment to try to prevent fatal metastatic 
spread. I am, as you can see, hoping that general 
enlightenment may play the part of x-ray irradia- 
tion in the analogous body cancer. Then, like good 
physicians, we should exude a generous amount of 
optimism, warranted or not, because live or die the 
patient deserves some solace. 

When I started this speech I told you that my 
title was chosen to allow me to touch on anything 
without strajdng from my subject. I have at least 
lived up to my implied promise not to confine my- 
self to a single idea. A good speech is, of course, 
something quite different. In it, as you know, one 
says what he is going to say, says it in two or three 
different w’ays, reminds the audience of what one 
has said, and sits down amid applause. I never in- 
tended to give you a good speech tonight because I 
was sure you would be bored by it. The truth is I 
simply wanted to get a few ideas off my chest and 
I thought a Past-President was in a good position 
to say what he pleased with impunity. Immunities 
of this type come only once in a lifetime. Further- 
more they are not permanent. So I am counting on 
my protection lasting only until next spring when 
you will have another Past-President whose va- 
garies you will also have to tolerate on an occasion 
like this. I realize moreover that one cannot go too 
far in this matter of immunity. There is a h3q)erim- 
mune state and there is allergy, not to mention 
anaphylactic shock. I am not sure just which state 
is more likely to be produced by an overdose of 
past-presidential antigen, but they are aU unde- 
sirable. So to protect you against a shocking dose I 
propose to administer an antispasmodic and a 
soporific. 

In thinking about the happy state of the Past- 
President I was reminded of a very impressive oc- 
casion just a little more than t\venty-three years 
ago. I happened to be spending the year at Uni- 
versity College in London with Professor Starling 
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at the time that a testimonial dinner was given in 
his honor, and more or less inddentally in honor of 
Dr. G. V. Anrep who was leaving to go to Cam- 
bridge the next year. The speedies in honor of 
Starling were all of a very high order — cver3’'thing 
was said that should have been said in honoring 
one of Britain’s greatest scientists. They were ex- 
actly in proper taste and consequently I have for- 
gotten them completely. However, vith respect to 
Anrep the honors were done b}'’ Professor A. V. 
Hill. He handled the matter quite differently. He 
mentioned all of Anrep’s idiosyncrasies, such as liis 
collecting tendencies. Apparently whenever ap- 
paratus was missing in any laboratoty at Univer- 
sity College, everyone’s first thought was to look 
in Anrep’s rooms. UsuaU}’^ it was recovered in that 
way. Hill went on to say that in preparation for 
this speech he had taken a holiday in Cornwall and 
in search of the right thing to say he had gone into 
a number of churchyards reading inscriptions on 
tombstones. One that he saw he said seemed to 
provide the due to the proper words. It read, 
“Here lie the bones of John Jones. In Jiis life he 
knew several respectable people.’’ Hill went on, 
“I think we should put a plaque on the door of 
Anrep’s lab after he leaves us, and inscribe on the 
plaque: ‘In this room for many years worked G. V. 
Anrep. During his stay here he was associated with 
several respectable physiologists’.’’ 


To relate this to past-presidents I have wondered 
whether the Society ought not present each of 
them with a scroll when tliey leave which might 
read somewhat as follows: “In this office sensed 
blankety blank blank. During his tenure he ser\"ed 
a thousand highty selected physiologists.” I make 
this suggestion because past-presidents, like worn- 
out shoes, are apt to be discarded pretty lightl3% 
Some fitting recognition of their good intentions 
and hard labor, even if their accomplishments have 
been minimal, wiU keep their spirits up during their 
declining years. 

Finally before I sit down I want to saj’’ to j^u, 
my colleagues, that I am really very happy about 
two things. First, I am pleased with the honor and 
opportunity of having been allowed to serv^e as 
Councilor, Secretarj’- and President of this Society, 
because I believe that the American Physiological 
Society is playing a highly constructive role in 
promoting scientific research and teaching in physi- 
ologj' on this continent. I am also very pleased by 
the opportunity I have had to work on various 
projects with many of you because it has allowed 
me, I hope, to call many more of you friends in- 
stead of mere acquaintances, then would othenrise 
have been possible. I appredate both the honor 
you have done me and the trust you have placed 
in me. 
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Functional relationships between the middle and posterior 
ectosylvian areas in the cat. Harlow W. Ades. Emory 
Univ. School of Medicine, Atlanta, Ga. 

The primary projection area of tlie auditory system 
in the cat lies across the superior part of the anterior 
middle and posterior ectosylvian gyri as indicated by 
electrical response to auditorj' stimulation. The inferior 
portion of the posterior ectosylvian cortex under 
favorable circumstances also shows a response similar 
in general characteristics to that of the primary projec- 
tion area, but having a much higher threshold and 
lower amplitude. Also, the latency of the inferior 
postectosylvian response is always longer by 3-5 msec. 
The inferior postectosylvian response can be augmented 
by strychninization of the superior part of the middle 
ectosylvian cortex. Furthermore, under conditions of 
repetitive stimulation with clicks, the postectosylvian 
response is paced by the midectosylvian activity which 
in turn is characterized by strychnine-augmented nega- 
tive phase paced by the stimulus. Strychninization of 
the postectosylvian area results in randomly recurring 
strychnine spikes in this area which are not related to 
the stimulus and which do not fire the primary midec- 
tosylvian area. These results are taken to indicate that 
the inferior part of the posterior ectosylvian gyrus is 
dependent on the primary auditory area for its specific 
activation and constitutes a secondary area in the sense 
of an association area. 

Influence of acute epinephrine hypertension on calcu- 
lated resistance of canine femoral vascular bed. Ray- 
mond P. Ahlquisx (introduced by W. F. Hamilton). 
Dept, of Pharmacology, Univ. of Georgia School of 
Medicine, Augusta. 

Flowmeters such as the rotameter or bubblemeter 
when used to measure arterial inflow delay the arrival 
of intravenously injected substances in the periphery 
by the time necessary to displace the blood in the 
flowmeter system. There is, therefore, a short period of 
time during which the measured bloodflow is under the 
influence of only the central vascular actions of the 
substance. When the femoral arterial flow of anes- 
thetized dogs is measured by one of these meters, it 
will be found that during the acute pressor response to 
intravenous epinephrine the flow will increase at a 


faster rate than the pressure. This will result in a 
decrease in the calculated resistance, P/F, until the 
epinephrine passes through the metering system, reaches 
the femoral vascular bed and produces its characteristic 
constriction and increase in resistance. An analysis of 
this effect using a device to further delay the appearance 
of the epinephrine in the periphery and using also cross- 
perfusion into a recipient leg shows that the fall in 
resistance is due to two separate factors; i) vascular 
distention as described by Green et al. and 2) neurogenic 
reflex dilation resulting from the increased arterial 
pressure. 

Localization in anterior lobe of cerebellum of dog, with 
special reference to the placing reactions. G. M. Austin, 
W. W. Chambers, and W. F. Windle. Harrison 
Dept, of Surgical Research and Dept, of Anatomy, 
Univ. of Pennsylvania School of Medicine, Phila- 
delphia. 

Following lesions of the interpositus nuclei, and after 
ablation of tlie anterior lobe of the cerebellum of cats. 
Chambers and Liu describe loss of the placing reactions. 
The present study was carried out on 25 adult dogs in 
which selective ablations of the anterior lobe and other 
control areas of the cerebellum were done. The animals 
were killed after survival periods varjdng from one 
week to 5 months. During this time the animals were 
frequently tested for station, gait and the status of 
the placing and hopping reactions. Following localized 
lesions of culmen or centralis, specific defects in station 
and gait of the fore and hind limb respectively were 
noted. These consisted of high stepping, circumduc- 
tion and abduction of the limb. There was also a com- 
plete loss or marked diminution of the contact placing 
reactions and to a lesser degree the hopping reactions 
in the corresponding limb. Localization tended to 
show slight overlap so that the hind limb was involved 
in lesions of the caudal two-thirds of centralis and 
rostral border of culmen, forelimb with lesions of the 
caudal two-tliirds of culmen and rostral border of 
simplex. The precise effect of nuclear lesions awaits the 
histologic study of serial sections. 

Effect of interruption of blood flow to stomach for varying 
periods on potential difference and rate of secretion of 
HCl. F. J. Bajandas*, Fred E. Coy, Jr.*, Thomas 
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P. deGrattenried II*, and Warren S. Reum. 
Depl. of Physiology, Univ. of Louisville School of 
Medicine, Louisville, Ky. 

In an attempt to find out more about the role of the 
potential difference across the stomach in the secretion 
of HCl, the relationship between these characteristics 
was studied during and following periods of interrupted 
blood flow. A portion of the amytalized dog’s stomach 
was placed in a Incite chamber. Histamine and mccholyl 
•were used as gastric stimulants. Clamping the pedicle 
(for periods of from 2 to 55 minutes) to the stomach 
resulted in a decrease in both tlie P.D. and secretory 
rate. The percentage decrease in secretory rate was in 
every case greater than the percentage decrease in P.D. 
When the blood supply was re-established tlie P.D. 
rapidly increased and overshot before returning to its 
original level. Following clamping of the pedicle for 
periods of about 15 minutes or longer, there is a marked 
and prolonged overshooting which is associated with a 
zero secretory rate. As secretion is re-established the 
P.D. falls to the level of the secreting stomach. In the 
resting stomach the overshooting of the P.D. is practi- 
cally absent. It is suggested that the marked overshoot- 
ing in the secreting stomach is a result of the wiping out 
of secretion. The rate of decrease of the P.D. following 
clamping of the pedicle is modified by the o.\ygcn 
tension of the saline in contact with the mucosa. Re- 
placing areated or oxygen-free saline with o.xygen- 
saturated saline resulted in an increase in P.D. ■within 
about one minute, which is evidence that tlie EMF’s 
originate near the mucosal surface. 

Efecl of pain on electroencephalogram. F. B. Benjamin* 
AND A. C. I'VY. Dept, of Clinical Science, Univ. of 
Illinois College of Medicine, Chicago. 

In a series of 17 experiments on human subjects an 
attempt was made to learn whether pain produces any 
specific changes in the electroencephalogram. Fre- 
quently an attention wave occurred on the first applica- 
tion of the pain stimulus. In addition to this there was 
a decrease of amplitude in the nature of a loss of 
electrical entropy. The latter changes were bilateral, 
even on unilateral stimulation and they were noticed in 
all large cortical areas but were more pronounced in the 
parietal, occipital, temporal and frontal lobes in de- 
scending order. These pain effects vary little with 
change of intensity or nature of the pain stimulus and 
are similar to those produced by cold, heat and touch. 
Bipolar registration, coupling 2 to 8 electrodes, needle 
electrodes imbedded in the sphenoid bone, other 
retropharyngeal electrodes and needle electrodes ap- 
plied to the base of the skull in the region of the foramen 
ovale did not produce any essential improvement as far 
as pain registration is concerned. In 4 experiments with 


morphine it was found that the flattening of the middle 
range of waves which is produced by both pain and 
morphine was so similar that it was not possible to 
make any reliable interpretation of the recordings. 

Ohsemations on progressively reduced nervous system in 
cats. Don,vld S. Bickers, Eric W. Peter.son and 
J lj\N Scherrer. Dept, of Psycluatry, Univ. of 
Illinois College of Medicine and Illinois Neuro- 
psychiatric Institute, Chicago. 

Progressive reduction of tlie nervous system by supra 
segmental ablations of component parts results in 
regular (reproducible) sjuidromcs which clarify the 
functions of remaining parts and interrelationships 
between all components. During prolonged obseiA’a- 
tion, changing immediate postoperative findings yield 
to relatively stable states of lower functional capacity. 
Decortication, sparing the rhincnccphalon, results in a 
sluggish blind cat capable of stereotjqicd behavior, 
with extensor hj'pertonus in suspension and diminished 
positive support. .Interior cerebellar lobe ablation 
alters this syndrome chiefly in postural mechanisms en- 
denced by neck retraction and increased extensor hyper- 
tonus. Trunk righting, sitting, standing and walking 
arc rendered difficult or impossible by antcfle.xion of the 
lumbosacral spine and thighs (pelvic jacknifing). Com- 
plete decerebellation alters the decorticate syndrome 
similarly but more profoundly. During prolonged stere- 
otyped righting attempts, the forequarters arc occa- 
sionally righted. Dysmetria, intention tremor and 
dyssjmergia arc absent; stereotyped movements are 
well performed. Cerebellar ablation alone permits 
initiation of complex motor activity but impairs per- 
formance. Dyssjmergia, dj^metria and weaving ‘tremor’ 
of tlie head predominate. The last is eliminated by 
fixing the shoulders. Anterior cerebellar lobectomy 
alone results in postural alterations (neck retraction, 
extensor hj^pertonus with pehne Jacknifing), dj'smetria 
and dyssjmergia. Standing and walking are impaired or 
lost; scratch reflex is normal. 

Neurophysiological applicatiom of automatic anesthetic 
regulator controlled by brain potentials. Reginald G. 
Bickford. Laboratory of Electroencephalographj', 
Mayo Foundation, Rochester, hlinn. 

Studies in this laboratorj’^ have shown that in the 
animals investigated (rabbit, cat, monkey and man) a 
simple and characteristic relationship exists between 
depth of anesthesia produced by barbiturate drugs or 
ether and tlie integrated potential output of the cortex. 
The latter is derived by electrical integration of the 
amplified electroencephalogram. The constancj'^ of the 
above relationship suggested the possibilitj' of using 
brain potentials to control the dosage rate of the anes- 
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thetic so as to achieve automatic administration. The 
apparatus uses a pentode as an integrator tube to 
convert the amplified brain potentials into a uni- 
directional current which charges a storage condenser. 
Discharge of the storage condenser at a predetermined 
voltage energizes (via a thjTatron circuit) a stepping 
relay the threaded shaft of which is geared to the syringe 
containing the anesthetic mixture. The latter is con- 
nected to a vein or to a vaporizer according to the kind 
of anesthetic in use. When this system is in operation 
anesthetic is fed to the animal at a rate which varies 
directly with the integrated potential output of the 
cortex. Since tlie latter decreases with deepening anes- 
thesia an equilibrium point is reached and maintained 
indefinitely at a depth of anesthesia which can be 
controlled by the circuit adjustments. The presence of a 
feedback cycle gives the system homeostatic properties 
and accounts for the smoothness and accuracy with 
which anesthesia is maintained. Anesthesia has been 
maintained automatically vdthout any circuit readjust- 
ments in animals for periods of 2 or 3 da}^. Successful 
automatic control of anesthesia has also been achieved 
in the human being. 

Muscle glycogen fractions. Walter Lyon Bloom, 
George T. Lewis and G. C. Knouxton. Depts. of 

Biochemistry and Physical Medicine, Emory Univ. 

School of Medicine, Atlanta, Ga. 

This report is concerned with studies of the alkali- 
soluble and trichloracetic acid-soluble fractions of rat 
muscle after denervation and during reinnervation. 
Determinations on both gastrocneraic muscles of rats 
were made at daily intervals on 12 successive days, 
starting 12 days after the crushing of one sciatic nerve 
at the level of the great trochanter. The muscle of the 
intact leg served as the control for each animal. The 
glycogen content of denervated muscle was decreased to 
approximately 50 per cent of its control value from the 
12th to the 17th day, confirming the observations of 
Hines and Knowlton. Both glycogen fractions de- 
creased in the denervated muscle. On reinnervation 
these values increased suddenly to normal or super- 
normal values. This rather abrupt increase was noted 
within a 48-hour period, from the i8th to the 20th day 
following denervation. However, the weight of the de- 
nervated muscle continued to decrease slowly through- 
out the period of observation (24 days following crush- 
ing of the nerve). The control values for this series 
confirm the previous findings of Bloom, Leivis and 
Schumpert of the presence of two gljTogen fractions in 
rat muscle, one of which is soluble in 10% trichloracetic 
acid as well as in strong alkali and makes up about 50 
to 55% of the total alkali-extractable glycogen. These 
studies show that both fractions are affected by de 


nervation and reinnervation and more accurately limit 
the time of glycogen restoration during reinnervation. 

Influence of thyroid and adrenals on protein breakdown in 
eviscerated rats. Philip K. Bondy (introduced by 
James V. Warren). Dept, of Physiological Chem- 
istry, Yale Univ. School of Medicine, New Haven, 
Conn. 

The effects of adrenalectomy, adrenal cortical extract, 
th3'roidectomy and thyroxin upon the plasma amino 
acid nitrogen have been studied in eviscerated rats. 
Following removal of the adrenal glands, there was a 
reduction in the rate of rise of the amino acid concen- 
tration in the plasma of eviscerated rats. This effect 
was corrected by the administration of o.i ml. of 
adrenocortical extract/ 100 gm/hr. for 3 doses. Thisdose 
of adrenocortical extract was without effect in rats 
with intact adrenals; however a dosage level five times 
as high produced a significant rise. This rise could be 
abolished by the simultaneous administration of 0.5 gm. 
of glucose i.v. Thyroidectomy also caused a reduction 
of the rate of rise of plasma amino acids. The effect was 
independent of reduced adrenal activity, since o.i ml. 
of adrenal cortical extract failed to correct it. Twenty 
micrograms of thyroxin daily for one week, however, 
restored the rate to normal. These observations indicate 
that the protein-catabolic effects of the adrenal cortex 
do not require the presence of the liver for their ac- 
tivity, and therefore are not primarily associated with 
alterations in the rate of urea formation; and that they 
can be antagonized, in the absence of the liver, bj' 
adequate amounts of glucose. The thyroid protein- 
catabolic effects are independent of the adrenal gland. 

Reflex orthostatic dyspnea associated with pulmonary 
hypotension. Howard B. Burchell, H. Frederic 
Helmholz, Jr. and Earl H. Wood. Mayo Clinic, 
Rochester, Minn. 

A patient with a post-traumatic intra thoracic venous- 
arterial type of blood shunt exhibited approximate!}' a 
three-fold increase in ventilation whenever he was in an 
erect position. Repeated studies showed little vari- 
ability in the ventilation increments with graded 
postural changes. The increase in ventilation occurred 
within a few seconds after assumption of the erect posi- 
tion, consisted mainly of an increase in the tidal air and 
persisted with a uniform respirator}' breathing pattern 
irrespective of an increase in pu of the arterial blood 
(such as 7.46-7.54). The ventilation returned to its 
previous value vuthin a few minutes when the subject 
was returned to the horizontal position. The systemic 
blood pressure showed no significant changes when the 
patient was tilted. The oxygen saturation of arterial 
blood with the patient in the supine position varied 
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between 83 and go% and decreased approximately 15 
points when the patient was erect. Cardiac catlieteriza- 
tion revealed a very low right ventricular (9/2 mm. Hg) 
and pulmonary arterial (7/1 mm. Hg) pressure. When 
the subject was tilted to a 60° slope, the sj^stemic blood 
flow decreased from 5.2 to 4.4 1/min. and the venous 
shunt increased from 44 to 51%. The patient’s breathing 
of 100% o.xj'gen at ground level or in a pressure chamber 
at increased pressures up to 4 atmospheres, in the latter 
instance the arterial blood being normally saturated, 
did not prevent an increased ventilation in the semicrect 
position. In the teleoroentgenogram the distance from 
an assumed level of tlie pulmonary valve to the lung 
apex was 17 cm. It is suggested that the dyspnea was 
initiated by the pulmonary reflex related to the pulmo- 
nary hypotension. 

Application of Dreywood’s anthrone reagent to determi- 
nation of inulin in plasma and urine. Walter H. 
Cargill (introduced by James V. Warren)- Dept, 
of Physiology, Emory Univ. School of Medicine, 
Atlanta, Ga. 

Existing methods for the determination of inulin arc 
based upon hydrol>'sis by prolonged heating in the 
presence of add and subsequent photometric determi- 
nation of the resulting fructose. The degree of hydrolysis 
is dependent upon the duration of heating and is 
difficult to control with accuracy. Unstable colors which 
fade rapidly on standing are produced by both diphenyl- 
amine and resorcinol. The present method was designed 
to obviate these sources of error. Glucose is rendered 
non-reactive according to the method of Little et al. 
{Federation Proc. 8: 98, 1949). To 3.0 cc. of a zinc 
sulfate filtrate in a large test tube add i.o cc. of 4N 
NaOH, cover with marbles and immerse in boiling 
water for 10 minutes. Cool and add i.o cc. of 4N 
H2SO4. Ten cc. of anthrone reagent, prepared as de- 
scribed by Morris {Science 107: 254, 1948), are then 
added rapidly from a broken-tip burette. The solutions 
are mixed by swirling, allowed to stand at least 10 
minutes, and read in a photoelectric colorimeter at 
620 m^. The color produced is stable at room temper- 
ture for several hours. The reaction is quite sensitive, 
it being possible to determine with accuracy final con- 
centrations as low as o.i mg. %. 

Acclimatization of mice to carbon monoxide and low 
oxygen. Robert T. Clark, Jr., Arthur B. Otis and 
S. Wah Leung. Dept, of Physiology, Univ. of 
Rochester School of Medicine and Dentistr)q Roch- 
ester, N. Y. 

Mice were exposed to carbon mono.xide in gradually 
increasing concentration from 0.03% to 0.15% over a 
period of 14 days, after which the animals were re- 


moved to room air for a day. They were tlicn tested for 
tolerance to a simulated high altitude of 34,000 feet. 
Survival times of the mice previously acclimatized to 
CO were considerably longer than mice unacclimatized 
to CO. The converse of the above experiment was 
attempted by subjecting mice to an atmosphere con- 
taining o.xygen in gradually decreasing amounts from 
10% to 7% for a period of 14 days. The controls and 
experimentals were then exposed to an atmosphere con- 
taining 0.25% carbon mono.xide. Survival times of the 
mice previously acclimatized to low o.xygen were con- 
siderably longer than the mice unacclimatized to low 
oxygen. Blood studies were made on mice after ac- 
climatization to carbon mono,xidc and low ox>’gcn. In 
both cases the o.xygen capacity increased about 60% 
above the controls, and the hematocrit 85%. The carbon 
dioxide capacity of the plasma was found to decrease 
for the mice acclimatized to low oxj'gen, but showed no 
change from controls for these animals acclimatized to 
carbon mono.xide. The pn of the blood of mice ac- 
climatized to carbon monoxide was found to be con- 
siderably higher than that of tlie mice acclimatized to 
low oxygen. The rate of oxygen consumption was the 
same the first few dal’s of exposure to carbon mono.xide 
and low o.xygcn as at tlie end. 

Physiology and metabolism of flavonoid pigments {‘‘Vita- 
min P”). ^^’ILLIAM G. Cl,\rk. Veterans Adminis- 
tration Center and Univ. of California School of 
Medicine, Los .‘\ngelcs. 

Methods were developed for the quantitative deter- 
mination of flavonoids in biological materials and 
studies made of the absorption and excretion of several 
flavonoids orally administered to rats, guinea pigs and 
humans. Quercetin-6'-sodium sulfonate and csculetin-4- 
sodium carboxj’late were absorbed and excreted in the 
urine of rats to tlie extent of 5% of tlie fed dose. None 
of the others were absorbed from Uie intestine of rats or 
guinea pigs, nor excreted in the urine or feces of humans, 
including rutin and its soluble complexes. Rutin was 
destroyed on incubation with human feces. Oral or 
parenteral treatment with several flavonoids had no 
effect on tlie hemorrhagic symptoms or survival of 
mice and guinea pigs witli experimental thrombopenic 
purpura. Non-thrombopenic purpura was produced in 
dogs with anti-vascular endothelium serum but was 
impractical as a tool for such studies. The two flavonoids 
listed above as being slightly absorbed b}’’ rats had no 
effect when fed in the drinking water to chronically 
dicoumarolized rats with regard to hemorrhagic symp- 
toms or survival. Flavonoids had no effect on bleeding 
time in guinea pigs, extravasation of dye into histamine 
skin wheals in rats, the ldso of intravenously adminis- 
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tered ficin in rats, and anaphylactic shock in guinea 
pigs. Rutin in doses over loo mg/kg. I.P. increased the 
LDso of I.V. histamine in guinea pigs 1.5 times over the 
controls, and ten times less quercetin sulfonate in- 
creased it 2.0 times. All otlier flavonoids tested were 
inactive. Several flavonoids had a moderate but non- 
specific inhibition of the spreading action of hyal- 
uronidase in rats, guinea pigs and rabbits. Scurvy 
markedly decreased the spreading effect and flavonoids 
did not alter this. 

Analysis of reports on flavonoids indicates no direct, 
specific ‘vitamin P’-like or drug effect, suggesting a non- 
specific stress. Quercetin sulfonate, 10 mg/kg. I.P. de- 
creased the adrenal ascorbic acid content of intact rats 
as much as epinephrine or arterenol, which points to a 
pituitary-adrenal mediation. This suggests the use of 
ACTH and Compound E in hemorrhagic disorders and 
sensitization phenomena claimed to be favorably influ- 
enced by flavonoids and related substances. 

Effect of thymic extracts on nenro-imiscular response. 

George A. Constant*, Eugene L. Porter, 

Herbert M. Sevboed* and Aristophanes An- 

DRONis*. Carter Laboratory of Physiology and Dept. 

of Neuro-Psychiatry, Medical Branch, Univ. of 

Texas, Galveston. 

In a preliminary report, Constant, Porter, Andronis 
and Rider showed that the injection of th3miic saline 
extracts (myasthenic as well as non-myasthcnic) into 
the general circulation of the cat diminished the con- 
traction height of the tibialis anticus muscle stimulated 
through its motor nerve. Using splenic extract as a 
control they found that it increased neuro-muscular 
response. The present report is a continuation of this 
work. At the present, 23 cat nerve-muscle preparations 
have been employed. The tissues were emulsified in 
1:5 dilution of physiological saline for a period of 2 to 3 
minutes. The emulsion was then passed through a glass 
wool filter, the filtrate being used in all determinations. 
The injections consisted of 5 to 10 cc. of the extract in 
question. Of 48 experiments with hrnnan thymic 
extracts, 43 resulted in decreased muscular contractions, 
whereas 5 had no effect. Six experiments each were 
performed with pooled dog thymic extract and pooled 
cat thymic extract. In the case of the dogs, 5 resulted 
in decreased muscle contractions and one showed no 
effect. In the case of the cats, 4 resulted in decreased 
muscle contractions. Then after the injection into the 
general circulation of 0.5 mg. Prostigmine, 2 experi- 
ments showed no effect. Using splenic extract as a 
control, 14 experiments resulted in 9 showing an in- 
creased neuro-muscular response, while 5 had no effect. 
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These observations seem to indicate that thymic saline 
extracts contain a curare-like substance. 

Explanation of quantitative difference in production of 
ECl resulting from directional application of current. 
Fred E. Coy, Jr.*, Thomas P. deGraepenried 
II*, F. J. Bajandas* and Warren S. Rehm. Dept, 
of Physiology, Univ. of Louisville School of Medicine, 
Louisville, Ky. 

In previously reported work {Am. J. Physiol. 144: 
1 1 5, 1945) it has been found that Uie application of 
electric current from serosa to mucosa of the secreting 
stomach results in an increase in H+ production, and the 
application of current in the opposite direction a de- 
crease in production. Current sent from mucosa to 
serosa is approximately three times as effective in 
reducing H"*' secretion as current sent in the opposite 
direction is in increasing production. An equivalent 
circuit has been proposed to accormt for this orientation 
of tire P.D. across the stomach and the directional effect 
on secretion of applied current. This equivalent circuit 
is essentially an EMF directed toward the serosal side 
with a shunt across it. It is assumed that the current in 
tlie shunt controls the production of ions. Analysis 
of this circuit reveals that, if the parameters remain 
unchanged with the application of current, the change 
in current through the shunt should be numerically the 
same with the application of current in either direction. 
In the experiments reported here the open circuit P.D. 
was measured with a potentiometer during periods of 
current flow by momentarily breaking the circuit. It 
was found that with current sent from mucosa to serosa 
there was a relatively large decrease in the open circuit 
voltage, while with currents sent in the opposite direc- 
tion there was a much smaller change. It is possible, on 
the basis of these findings, to offer a tentative explana- 
tion of the quantitative difference in the directional 
effect of the current. 

Variability in Hood pressures of laboratory dogs. F. N. 
Craig and John A. Zapp, Jr.*. Applied Physiology 
Section, Medical Div., Army Chemical Center, Md., 
and HaskeU Laboratory of Industrial Toxicology, 
E. I. Du Pont de Nemours & Co., Inc., Wilming- 
ton, Del, 

This is a study of 57 laboratory dogs by one author, 
J.A.Z., and 10 by the other, F.N.C. Pressures in the 
saphenous artery of trained dogs in the standing posi- 
tion were determined by auscultation. Readings were 
made 5 days a week for from 4 to 8 weeks. Means of 
individual readings were stable during this time. In the 
longer series, correlation coefficients were 0.89 for 
systolic and diastolic pressures, 0.90 for systolic and 
pulse pressures and 0.61 for diastolic and pulse pres- 
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sures. The long and short scries are summarized as 
follows: 


Pressure 

Ns 

.Ms 

S.D. 

Jlcan 

S.D.t 

Systolic 

57 

14s 

17.S 

n .3 


10 

121 

3.8 

7-7 

Diastolic 

57 

70 

9-5 

8.0 


10 

67 

2.1 

7-4 

Pulse 

57 

O4 

lO.O 

7-5 


10 

55 

3.4 

7.8 


' Mean S.D. of means of individual readings on each dog. 

Variation in blood pressure from one individual to 
another was concluded to be about the same in the dog 
as in man. 

Brachial peripheral pulse "waves related to aUiiudc toler- 
ance and endurance. T. K. Cureton and B. H. 
Massey*. Physical Fitness Research Laboratory', 
Univ. of Illinois, Urbana. 

Several studies indicate that: i) Endurance per- 
formances on tire treadmill at 7 m.p.h. at 8.6% grade 
can be predicted fairly well (r = .70) from a combina- 
tion of systolic amplitude, diastolic surge, diastolic 
amplitude and angle obliquity'. A single lest slightly' 
less valid is the area under the pulse wave divided by' 
the surface area of the body (r = .60,' eta = .70). 
2) Significant differentiation is shown between champion 
swimmers and ordinary competitive swimmers for both 
men and women, j) The pulse wave increases with 
training, especially tire area, tire systolic amplitude, the 
diastolic amplitude and the surge. Progressive decline 
in the pulse wave area and diastolic surge has been 
shown to parallel artificially' induced anoxia in the de- 
compression chamber, progressive fatigue and endur- 
ance exercises and the area deteriorates in stasis due to 
long sitting without appreciable movement. 5) Indi- 
vidual differences are very wide depending primarily' 
upon the state of training of tlie subject for endurance 
performances. 

At reasonably constant temperature the pulse wave 
reduces in amplitude and area as subjects are carried 
to altitude. Preliminary work indicates that the pulse 
wave is somewhat reduced in area by cold environment 
and it is amplified with warm conditions, hence the 
importance of controlled atmospheric conditions for 
the tests. Static sitting for 1-2 hours will reduce the 
pulse wave area approximately 30 per cent with a 
reduction of the area, the systolic amplitude and the 
diastolic surge characteristic. Fear of the examination 
also appears to reduce the pulse wave in most subjects. 
Emotional excitement, especially' anticipation of a race, 
will greatly exaggerate the secondary wave character- 


istic and the amplitude of both the primary' and second- 
ary waves. The relationship is good between the pulse 
wave and stroke volume in the quiet state. The pulse 
wave rating increases with training, is larger in endur- 
ance athletes and declines faster after systole and is 
reduced and slower in older sedentary' subjects. The 
pulse waves arc usually larger in the basal, quiet state 
than in normal sitting or standing. 

Some physiological cjfccts of restricted salt diets in hyper- 
tensive and normal rats. H. G. Danford* and R. C. 
Herrin. Dept, of Physiology, Univ. of Wisconsin 
Medical School, Madison. 

Rats made hypertensive witli silk around botli kid- 
ney's as described by Page were fed control diets con- 
taining at least 2% salt mixture and c.xperimental diets 
containing from 0.3% to no inorganic salts. The systolic 
pressure was determined by' the method of By'rom and 
Wilson witli modifications by Hamilton and Sobin. 
The rats were observed for at least 30 days with a 
pressure of 180 mm. Hg prior to tlie salt restriction. In 
8 of tlie 19 rats on salt restriction, the average systolic 
pressure decreased 20 to 30 mm., but never remained 
at a normal of 150 mm. The restricted salt diets favored 
survival as reported by Grollman and Harrison. Mnety 
days after salt restriction, 5 of the 12 controls were 
dead but only’ 2 of the 19 c.xpcrimental groups were 
dead. To ascertain the effect of diets low in salt, normal 
rats of 40 to so gm. were fed a control diet containing 
3% salt mixture; diet 2, deficient in NaCl, and diet 3, 
deficient in all inorganic salts. The experimental period 
was 30 days for some rats and 42 day's for others. The 
deficient diets produced a depletion of adrenal ascorbic 
acid followed by' hy'pertrophy' of the gland and a return 
to its normal ascorbic acid concentration. An involution 
of the thymus occurred, accompanied in one instance 
by' a lymphopenia. 

Electrolyte concentration of sweat as a differential diag- 
nostic test in hypertension. De.an F. Davies ^ind 
Helen E. Clark (introduced by Henry A. 
Schroeder). Dept, of Internal Medicine and Oscar 
Johnson Institute, Washington Univ. School of 
Medicine, and the Barnes Hospital, St. Louis, Mo. 
Schroeder has presented clinical evidence for the 
existence of a group of hy'pertensives having certain 
features in common with Cushing’s syndrome, which 
he tentatively' has called ‘pseudo-Cushing’ hy'perten- 
sion. Positive evidence that Schroeder’s group repre- 
sents a distinct entity' w’hich differs from other hyper- 
tensives both in clinical and laboratory' cliaracteristics 
has been obtained. Conn found high concentrations 
(>105 mEq/ 1 .) of sweat sodium in Addison’s Disease 
and low values (<13.5 mEq/ 1 .) in Cushing’s syndrome. 
A modification of this test has been used in differentiat- 
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ing Schroeder’s hjTpertcnsives from normal subjects and 
from other hj'pertensives. Subjects •were sweated in a 
saturated steam room for a half-hour at 102° to iio°F. 
Sweat samples were collected from the back at 15 and 
30 minutes and anal3'zed by the Beckman Flame 
Photometer for sodium and for chloride by the Wilson- 
Ball modification of the Volhard metliod. In the con- 
trol series the 30-minute sweat sodiums were much 
lower in summer (mean 32.9 mEq/ 1 .) than in winter 
(mean 63.6 mEq/ 1 .) . No sex difference could be demon- 
strated among tlie 21 subjects tested. No significant 
difference was found between normal women and obese 
normotensive women. Bj'^ clinical appraisal of 9 charac- 
teristics, 24 women with Schroeder’s syndrome -were 
selected. These had a mean 30-minute sweat sodium of 
20.4 mEq/ 1 ., significantly'' lower than the lower (sum- 
mer) normal group (32.9 mEq/ 1 .). Other hyqDcrtensives 
(51.5 mEq/ 1 .), however, were not significantly different 
from the higher (winter) normal group (63.6 mEq/ 1 .), 
and therefore had no apparent hyperadrenocortical 
function. 

Effect of various agents applied to mucosa of secreting 

stomach on potential difference and rate of secretion 

of ECl. Thomas P. deGraffenbied n*. Feed E. 

Coy, Jr.*, F. J. Bajandas* and Warren S. Rehm. 

Dept, of Physiology, Univ. of Louisville School of 

Medicine, Louisville, Ky. 

Previously published -work {Am. J. Physiol. 149: 162, 
1947) has shown that there is a relationship between the 
potential difference across the stomach and the rate of 
secretion of HCl. It was found that ■ndth saline in con- 
tact "with the mucosa the initiation of secretion was 
associated •with a decrease in P.D., and that the P.D. 
leveled off in the neighborhood of 40 mv., even though 
the secretory rate continued to increase. The method 
used in these experiments and also in the ones reported 
here was one in which a portion of the stomach was 
placed in a Incite chamber and arranged so that the 
blood supply was intact and the P.D. could be measured 
across the stomach. Histamine, or histamine plus 
mecholyl, was used to stimulate secretion. It was also 
shown that ethyl alcohol, or concentrated HCl, applied 
to the mucosa, or electric current applied across the 
stomach resulted, once the secretory rate leveled off, in 
a decrease in both the P.D. and secretory rate. Further 
experiments were performed with these agents, and 
also -with the following agents applied to the mucosa; 
NaF, NaCN, NaCNS, procaine, HgCl2 and ZnSO^. It 
was found that -with one exception every time there was 
a marked reduction in P.D. there was also a marked 
reduction in secretory rate. In this exception it was 
found that a portion of the stomach was injured and 


the decrease in the measured P.D. was probably due to 
shunting of the P.D. through the injured part. 


Oxygen dissociation curves of human blood. D. B. Dnx. 

Medical Div., Army Chemical Center, Md. 

The oxygen dissociation curve for the blood of A.V.B. 
has been described by Dill, Edwards, Florkin and 
Campbell (J. Biol. Client. 32: 143, 1932). Subsequently 
this curve was recalculated from a piic of 7.1 to a ^hs 
of 7.4. In addition, dissociation curves were calculated, 
for pHs values 7.2 and 7.6. The family' of three curves 
w’as reproduced in a restricted military document, and 
subsequently by Riley and Coumand (/. Applied 
Physiol, i: 825, 1949). The purpose of this communica- 
tion is to point out minor errors in certain parts of the 
curves corresponding to pn 7.2 and 7.6. The curve 
showing the dissociation of oxyhemoglobin at Pk 7.4 
is believed to be correct; it differs slightly from the 
basic curve at ^Hc 7.1, this being nearly equivalent to 
^Hs 7.4. However, errors arise when curves at other pn 
values are calculated on the assumption that the curves 
belong to one family: having determined the 
complete curve at pn = 7.4 and the ratio 

pO. 50% HbO„ PH - ,4 
pOi at 50% HbOj, pn = a 

the curve at = a can be calculated for all pOi values. 
Recent observations by Roughton (personal communi- 
cation) prove this assumption incorrect below 10% 
HbOz and above 90% HbO:. Hence, until new and 
direct experimental evidence is obtained, dissociation 
curves calculated for pn values 7.2 and 7.6 can be con- 
sidered valid only bebveen 10% and 90% HbOa. 
Incidentally, Roughton’s finding makes invalid within 
the same ranges dissociation curves recalculated from 
one temperature to another. 


Determination of natural estrogens in marine eggs by 
biological and flnorimelric procedures. J. Kenneth 
Donahue. Dept, of Biology, College of Charleston, 
Charleston, S. C. 

Crude alcoholic-ether extracts of the eggs of 3 species 
of echinoderms, 2 species of arthropod, and 3 species 
of teleost fish gave qualitative evidence of estrogenic 
activity when injected into spayed rats. It was evident 
that the invertebrate ova had considerably higher 
potencies than those of the fish ova tested. Highly 
purified extracts of the eggs of the American lobster 
and of two species of fish, the alewife and tlie silver 
hake, made it possible to carry out rigid bio-assays 
as well as fluorimetric analyses of tlieir estrogen con- 
tent. In all cases the biological and fluorimetric results 
agreed remarkably well. However, whereas the estrogen 
content of the lobster eggs ranged from 1 to 3 lu/gm. 
of eggs (wet weight) that of the fish ova ranged from 
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only 2 to 30 itr of activity per 100 gm., a negligible 
quantity. 

Applications of a miniature manometer recording from 
intracardiac end of a cardiac catheter. Eugene J. 
Ellis, Otto H. Gaueu, Hieam E. Essex and Earl 
H. Wood. Wriglit-Pattcrson Air Force Base, Dayton, 
Ohio, and Mayo Foundation, Rochester, Minn. 
Recording of uniformly reliable intracardiac pressure 
tracings by means of conventional cardiac catheters is 
practically impossible because of the pressures gen- 
erated witliin the catheter from the accelerations and 
decelerations of the fluid column associated with the 
movements of the catheter usuall}' imparted b}' the 
heart beat. This ditBculty, along with others inherent 
in recording through a long, narrow-bore Oicrmoplastic 
tube, can be eliminated by mounting a miniature man- 
ometer on the intracardiac end of the catheter. The 
Gauer-Gienapp manometer has been mounted on a 
no. 8F cardiac catheter. The manometer, which operates 
as a differential transformer, has a natural frequenc>' of 
more than 1000 C.P.S., is linear and temperature- 
stable. The output of the manometer is amplified by 
means of a carrier-wave amplifier which can be coupled 
to suitable recording galvanometers so that the over-all 
dynamic response is within ±5% out to 50 C.P.S., ivith 
no peaks thereafter. The instrument has been used to 
study the minimal dynamic response characteristics 
required for faitliful recording of central pulses. The 
flat portion of tlie over-all djmamic response curve of 
the manometer sj’stem could be varied at ivill from s 
out to 50 C.P.S. by switching various electrical shunts 
into the galvanometer circuit. In dogs systolic, diastolic 
and mean pressures recorded from the right ventricle, 
pulmonary artery, left ventricle and aorta were not 
significantly different, irrespective of whether the 
sensitivity of the sj^stem to sinusoidal pressure varia- 
tions was uniform out to 5 or out to 50 cycles/sec. 

Induced variations in pulmonary arterial pressure in 
man. E. Harvey Estes and Robert L. McWhorter 
(introduced by James V. Warren). Emory Univ. 
School of Medicine, Atlanta, Ga. 

The demonstration of striking alterations in renal 
function with the application of venous tourniquets to 
the legs has aroused a great deal of interest in the effects 
of this procedure on cardiovascular d3mamics. For this 
reason pulmonary arterial pressure was measured in 
eleven normal subjects before, during and after venous 
pooling by means of venous tourniquets. The average 
mean pulmonary arterial pressure fell from 15.3 mm. 
Hg to II mm. Hg during the period of tourniquet 
application. This is a fall of 28.1% of the average con- 
trol value. The minimum reduction during the period 


of tourniquet application was 9% of the control value. 
Tlie maximum reduction was 56% of the control value. 
The reduction in pulmonary arterial pressure during 
the period of tourniquet application was highly sig- 
nificant statistically. Hamilton has demonstrated that 
vital capacity is increased in normal recumbent sub- 
jects by the application of venous tourniquets. This is 
due to a reduction in the volume of blood within tlie 
pulmonary vascular tree. It is felt that this reduction 
in pulmonary blood volume is an adequate e.xplanation 
for the reduction in pulmonary arterial pressure with 
venous occlusion. 

Mechanism of uneven pulmonary ventilation. Ward S. 
Fowler (introduced by J. H. Comroe, Jr.). Dept, 
of Physiology and Pharmacology, Univ. of Pennsyl- 
vania Graduate School of Medicine, Philadelphia. 
Explanations for uneven ventilation have been i) 
local stratification of gases and 2) regional variations 
due to differing percentage volume changes during 
inspiration. These theories were tested, using continuous 
analj-sis of N; concentration (Lilly-Hervey N; meter) 
and volume flow of gas expired after one inspiration of 
O2. After 0 ; inhalation, alveolar N- concentration 
varied, increasing during e.xpiralion, indicating uneven 
distribution of inspired 0 ;, The variation was reduced 
but not eliminated after 20 seconds inspiratora’’ breath- 
holding; stratification should have disappeared during 
breathholding. Mechanisms of regional variation were 
tested by inspiring a) 0: alone, b) 0 : followed by air 
and c) 0 : preceded by air (added N2 dead space). When 
inspiration began at the normal expiratory position, 
changing the sequence of inspired gases did not affect 
Uie variation in alveolar N; concentration. However, 
in normal subjects and patients witli pulmonary dis- 
ease, when inspirttion began at an extreme e,xpiratory 
position, added dead space produced greater variation; 
Oz-air inhalations in normal subjects gave decreasing Ns 
concentrations later in e,xpiration, in patients less varia- 
tion occurred than witli Os inhalations. Tliese changes 
are incompatible witli uneven ventilation due solely to 
differing percentage volume changes, but indicate that 
certain lung areas fill before and empty after otlier 
areas. Areas which fill first will receive more dead space 
gas than areas filling later, causing uneven ventilation 
despite equal percentage changes in volume. 

Regeneration of spinal cord of the rat. L. W. FreeMjVN, 
J. C. Finneran* and D. M. Schlegel*. Dept, of 
Surgery, Indiana Univ. Medical School, Indianapolis. 
In a series of over 500 rats which had been subjected 
to surgical transection of the spinal cord under direct 
observ'ation, functional recovery has been observed in a 
fairl)’- high percentage of those surviving beyond two 
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months. Mortality in the entire series has been ex- 
tremely high during earl}' days after operation, and the 
many factors contributing to tliis are analyzed. They 
include anesthesia, hemorrhage, temperature varia- 
tions, rupture of the bladder, trauma with subsequent 
self-annihilation, inadequate fluids, intercurrent infec- 
tions, urinary tract calcinosis and others. A rational 
outline of care of these animals is presented, including 
careful periodic expression of the bladder, adequate 
fluids and special attention to diet and environment. 
The histological picture in animals showing functional 
regeneration reveals tlie down growth of both spinal 
nerve root components and components presumed to be 
internuncial. It is argued that positive experimentation 
of this tj’pe adds force to the re-opening of the question 
of functional regeneration in the central nervous sys- 
tem, patterned after the re-opening of many such 
discussions which have followed recent advances in 
neurological investigations. Failure of regeneration is 
analyzed in terms of local and general factors, with 
species differences being described in terms of general 
conditions. 

Response of acoustic system in clicks. Robert Gal* 

AUBOS el al. Psycho-Acoustic Lab., Harvard Univ,, 

Cambridge, Mass. 

Various nuclei of the acoustic system of the cats 
have been explored with microelectrodes. Each ear is 
represented bilaterally in the nervous system from 
the level of the cochlear nucleus to the cortex. The 
latency of the response evoked by the click and its 
duration increase as tiie acoustic tract is ascended. 
Within a given nucleus the post-synaptic activity 
aroused varies in latency, and may attain unexpectedly 
large values (e.g. 50 msec, at the cochlear nucleus). 
These studies demonstrate the very considerable com- 
plexity of the electrical response to a brief (1.5 msec.) 
acoustic pulse. 

Retention of cardiac, salivary and motor conditional 

reflexes. W. Horsley Gantt and Ursula Trau- 

GOTT. Johns Hopkins Univ. School of Medicine, 

Baltimore, Md. 

Upon the function of retention depends the ability of 
an organism to react to experimentation. Previous 
studies have measured only the motor (somatic mus- 
cular) response and have paid too little attention to 
the emotional and visceral retention. On the other 
hand the data of clinical psydiiatry, while supporting 
evidence of long retention, do not control the factor of 
intermediate reenforcement of the original situation. 
In several laboratory dogs stable conditional reflexes 
(cr) were formed to food or to pain (faradic shock). In 
addition to the spedfic salivary and motor components. 


the more general visceral components representing the 
emotional response (heart rate, respiration) were re- 
corded in both normal and pathological dogs. There 
was no repetition of the original conditional stimulus 
(cs) until the animal was brought in for a retention 
test; criterion for retention — whether the individual 
gave the cr on the very first presentation of the cs. 
In one dog there was perfect retention of the motor cr 
to faradic shock after an interval of 8 montlis, 2 years, 
and 4 years, with loss of differentiation after 4 years. 
In anotlier dog, extremely phlegmatic, after 16 months 
there was no retention of the motor (cr pain), but some 
retention of the cardiac component and marked re- 
tention of the general emotional pattern. In Peik with 
food ers the evidence for retention of cardiac compo- 
nents was made even stronger by attempting to ex- 
tinguish the cr (repetition cs without food). Although 
the salivary component disappeared in i or 2 days 
and did not reappear in i montli and i year, respec- 
tively, the cardiac cr could not be extinguished and 
was even greater after i year. Pathological animals, 
as well as patients, show a persistent retention witliout 
rcenforcement — 7 or 8 years with one dog for cardiac, 
sexual and other visceral responses to situations of 
conflict. Conclusion; emotional components of a cr 
(respiratory and cardiac) arc retained much longer than 
the specific motor or secretory; retention is even longer 
in pathological animals than in normal. 

Cardiac arrhythmias (Moving picture). P. C. Gazes, 

R. P. Walton, O. J. Brodie and J. S. Leary (intro- 
duced by T. G. Bernthal). Dept, of Pharmacology, 

Medical College of South Carolina, Charleston. 

This film is unique in presenting direct views of the 
heart with simultaneous views of the ECG tracings as 
they are being recorded. A variety of arrhythmias are 
produced by anoxia, by electrical stimulation, by 
mechanical stimulation, by pilocarpine, by epinephrine 
and By digitalis. With anoxia the heart rate drops to 
about 25 beats per minute and is still of a sinus node 
mechanism. Apparently nodal rhytlim or some idio- 
ventricular rhythm did not develop because all the 
conducting tissue is proportionally depressed. A U wave 
also developed, which disappeared with respiratory im- 
provement. Auricular and ventricular fibrillation are 
illustrated. 

Pilocarpine, a typical cholinergic drug, produced 
marked sinus bradycardia and then an idioventricular 
rhythm (rate 22). This shows the intense block produced 
at the sinus node, thus allowing a lower center to take 
over, whereas with anoxia a sinus mechanism persisted 
at this slow rate. With the vagi intact, epinephrine 
produced a distinct sinus bradycardia with vagal 
arrhythmia. After tlje vagi were sectioned, epinephrine 
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increased the rate and a run of ventricular tachj'cardia 
occurred. The fact is visually demonstrated tliat the 
heart, without the protection of the intact vagi, may 
he thrown at a stage near ventricular fibrillation, 
whereas the same heart is subject to a conspicuously 
lesser degree of danger when the protective vagal re- 
flexes are intact. Possible hazards involved in the 
clinical administration of sjunpathomimetic compounds 
following atropine are suggested by this demonstration. 
Digitalis produced prolongation of die PR interval, 
coupled ventricular extra systoles, ventricular tachy- 
cardia, and final ventricular fibrillation. A run of bi- 
directional ventricular tachycardia was seen. In viewing 
the heart and ECG together it can be seen that the 
dmvnward deflected QRS complex is due to an impulse 
from the right ventricle and die upward QRS from the 
left ventricle. This supports Marvin’s theory that in 
bi-directional ventricular tachycardia diere arc two 
separate ectopic foci, one from each ventricle. 

Uplakc of radioactive phosphate by red blood cells’ 

Chalmers L. Gemioll. Dept, of Pharmacology, 

Univ. of Virginia Medical School, Charlottesville. 

In a previous communicadon Pertzoll and GemmiU 
(J, Pharmacol, & Exper. Therap. 95: 106, 1949) de- 
scribed various factors influencing the rate of uptake of 
radioactive phosphorus in the form of phosphate by 
human red blood cells. In these experiments, it was 
noted that there was considerable variation in the rate 
of uptake not only in blood of diflerent donors but 
also from the same donor. However, in the same experi- 
ment, using different samples from the same blood, 
good agreement was obtained. It was observed that 
sodium barbital and ether retarded the uptake of radio- 
active phosphate ions by the red blood cell but metha- 
don and uretliane had no effect on this process. These 
experiments have been extended by modifying the 
former technique and by studying the effects of glucose 
and insulin on this process. A few preliminary e.xperi- 
ments have shown no marked changes in the velocitj' 
of uptake with varying concentrations of glucose or by 
the addition of insulin. 

The functioning isolated rat spinal cord. R. W. GERiMUJ, 

R. D. Tschirgi, H. Jenerick and J. Z. Hearon. 

Dept, of Physiology, Univ. of Illinois, Chicago. 

This paper extends results reported previously con- 
cerning functional and metabolic correlations in the 
isolated, perfused spinal cord of the rat. Since those 
earlier experiments our preparation has failed to func- 
tion in many instances and results have been erratic. 
Use of Knox gelatin (4% solution) instead of egg albu- 
min in the Tyrode’s solution has increased the number 
of successful preparations. The operative procedure has 
been modified to include the lumbar cord segment with 


its longer more accessible roots. Average glucose utiliza- 
tion, 7.4 mg/gm. wet weight/hr. (range 7.r-8.o), gives 
a calculated Qo- of 5000. Observed Qo- (van Slyke 
determinations) averaged 4250 (range 3900-4450) so 
tliat, as often reported for in vivo experiments, more 
glucose disappears than could be oxidized. The R.Q. 
averaged 0.99 (range 0.97-0.99). Although succinate is 
unable to restore or maintain s>'naptic conduction, 
following a 15-minutc period of aglycemia, it neverthe- 
less disappears from the perfusate in large quantities 
(57 mg/gm. wet weight/hr.). A simple energetic ex- 
planation of its inactivity is furtlier unlikely since 
succinate added to j'ust insuflident glucose will not 
maintain function. In light of our previous findings, this 
suggests tliat the alpha-ketoglutarate to succinate step 
may represent a metaboh'c sine qua non for mono- 
sjmaptic sjunal reflexes. Initial experiments indicate 
tliat low concentrations of sodium pentobarbital (1-3 
mg.%) halve tlic threshold and increase number of 
active units, whereas anesthetic levels (4-6 mg.%) pro- 
foundly or fully suppress reflex response and increase 
threshold some 50%. 

Factors concerned in the tension development of a sum- 
mated response of skeletal muscle. Arthur S. Gilson, 
Jr. Dept, of Physiology', Washington Univ. School 
of Medicine, St. Louis, Mo. 

Experiments were undertaken to investigate quanti- 
tatively the tlicsis that the development, maintenance 
and relaxation of tension in tlie isometric tetanus of 
skeletal muscle may be due merely to the mechanical 
summation of rapidly succeeding twitch responses. 
Muscles used were the long neck retractor of the turtle 
and the gastrocnemius of the frog, excised, suspended 
in moist air and stimulated directly by supramarimal 
condenser shocks. Progressive development of fatigue 
caused diminution of tension development and slowing 
of the twitch responses. A second shock foUon’ing a 
first by an interval certainly not longer than 1.5 msec, 
and perhaps less (for frog gastrocnemius) results in a 
response giving greater tension development than that 
of the single twitch response. The tension added as the 
result of such a second shock is least with short shock 
intervals, and increases toward the tension developed 
by the single twitch as the shock interval is increased. 
The tension contributed by the second response also 
depends upon the residual tension from a first response 
and, with moderately long shock intervals, may be 
nearly equal to the tension developed by a single twitch 
starting from corresponding rest tension. Slowing of 
the individual component responses occurs and does 
give some smoothing of a partial tetanus. Such slomng 
does not seem adequate to account for tlie maintained 
tension of certain smooth tetanic responses having 
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marked persistence of contraction after cessation of 
stimulation. It seems possible that in such responses 
there may develop a true steady-state condition of the 
contractile mechanism. 

Measurement of gastric mucosal damage after alcohol in 

the rat. Rhoda Grant and A. C. Ivy. Dept, of 

Clinical Science, Univ. of Illinois College of Medicine, 

Chicago. 

The damage produced in the glandular part of the 
rat’s stomach by alcohol was studied in the interests of 
finding an assay method for agents which increase the 
resistance or promote healing of the mucosa. Damage, 
graded in arbitrary units, at 2, 23, or 40 hours after 50% 
or 35% to 40% ethyl alcohol in volumes of i cc. and 
2 cc/ioo gm. rat, given by stomach tube, was statisti- 
cally compared. The damage by i cc. and by 2 cc. 
differed significantly, as did that between 2 hours and 
23 to 40 hours. For the number of rats used the differ- 
ence between i cc. 50% and i cc. 35% to 40% was not 
significant. Microscopic examination, by showing the 
depth of erosions, supported tlie macroscopic grading, 
and showed tliat the healing occurring between 2 and 23 
to 40 hours was due in part to epithelization. Daily 
injections for 6 to 13 days of an anti-ulcer preparation 
of urine (Ayerst, McKenna and Harrison) raised the 
mucosal resistance judging by the significant difference 
at 2 hours between preparation-treated and saline con- 
trol groups. The method is not suitable for quantitative 
measurement of microscopic changes; therefore, it was 
impossible to evaluate quantitatively the effect of the 
preparation on epithelization occurring between 2 and 
23 to 40 hours. The reproducibility of the test, seen in 
17 different control groups (92 rats) over ii months, 
suggests that the method may prove useful in testing 
agents which influence the resistance or healing of the 
glandular part of the stomach. 

Regulation of sodium excretion, D. M. Green and A. 

Farah. Univ. of Washington, Seattle. 

Normal dogs respond to sodium loading by an in- 
crease in urinary sodium excretion. The increase is due 
primarily to a reduction in tubular reabsorption of 
sodium (Green, D. M. and A. Farah. Am. J. Physiol. 
In press). The present studies were designed to de- 
termine the mechanism by which these changes are 
regulated. It was found that hypophysectomized or 
adrenalectomized dogs responded to sodium loading by 
increases in sodium excretion comparable to those dis- 
played by control animals. They differed in the amount 
of water excreted relative to sodium. Hypophysecto- 
mized animals increased urinary sodium concentration 
slowly to maximum values approximately two-thirds of 
the plasma sodium level. Adrenalectomized animals 
promptly increased urinary sodium concentration to 


values which equalled or exceeded the plasma sodium 
level. The failure of hypophysectomy or adrenalectomy 
to abolish the response to sodium loading suggested the 
possibility of local renal regulation of sodium excretion. 
Injection of sodium chloride solutions directly into one 
renal artery promptly increased the sodium excretion 
of the injected kidney. The total sodium output greatly 
exceeded tliat displayed by the contralateral kidney. 
The rise in excretion was associated with a marked 
reduction in blood flow during injection. 

Comparison of volume of coronary blood flow simul- 
taneously determined with nitrous oxide method and 
rotameter. P. A. Green*, Donald E. Gregg and 
L. J. Czerwonka*. Medical Dept., Field Research 
Laboratory, Fort Knox, Ky. 

A comparison has been made of the simultaneous 
values for left coronary artery blood flow in the open- 
chest, anesthetized dog as measured indirectly by the 
nitrous oxide . method, and directly by an optically 
recording rotameter. The inflow side of the rotameter 
was connected to a carotid artery, tire outflow connec- 
tion was tied ndthin the left coronary ostium. Nitrous 
oxide saturation and desaturation curves were estab- 
lished by blood samples drawn from the rotameter and 
from a catheter witliin tlie coronary sinus. Based on 
dyed heart weight, the nitrous oxide values differed 
maximally from the rotameter measurements by ,-l-5o 
to —17% in 15 comparisons in 10 dogs. In 11 compari- 
sons in 9 dogs, a somewhat better correlation (d-iS to 
— 10%) was found between the two methods when the 
rotameter flow measurements were based on left heart 
weight (left ventricle, left atrium and total septum). 
The nitrous oxide values exceeded the rotameter flow 
values in 10 of 15 and 9 of ii comparisons when based 
on dj^ed and weighed myocardium, respectively. Since 
tests have established that the maximum error witli the 
rotameter approximates 5%, these sizeable differences 
between the values obtained with the two methods 
could arise either from tlie inaccuracy of the nitrous 
oxide method as applied to the anesthetized dog, or 
from inability to determine accurately the weight of the 
myocardium fed by the left coronary artery. 

Abolition of gamelokinetic response in Rana pipiens with 
adrenolytic substance benzodioxan and possibility of a 
test for diagnosis of pheochromocytoma. R. B. Green- 
BLATT, Sarah Clark and R. M. West (introduced 
by W. F. Hamilton). Dept, of Endocrinology, Univ. 
of Georgia School of Medicine, Augusta. 

Injection of piperidylmethyl benzodioxan (Merck) 
into the male frog {Rana pipiens') in amounts varying 
from 0.5 mg, to 2.5 mg. partially or completely blocked 
the gametokinetic resnonse to human pregnancy urine, 
epinephrine, ICSH and chorionic gonadotrophin. Com- 
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plele section of tlic spinal cord failed to alter tlic frog’s 
gametokinetic response to diorionic gonadotrophin or 
its inhibition by benzodioxan. Benzodioxan did not in- 
hibit the production of ovarian hj'percmia by ICSH 
and human pregnancy urine in the immature female 
Sprague-Dawley rat. The possible role of the pituitary 
as an adrenergic link in the gametokinetic response lias 
not been established. The trigger mechanism in tlic 
gametokinetic response may be the stimulation of some 
neuromuscular ejaculatory apparatus or the activation 
of an epinephrine receptor substance. A possible diag- 
nostic test for phcochromocytoma has been proposed, 
the criterion being the production of gametokinesis in 
the male frog upon the injection of scrum from the 
patient suspected of having a phcochromocytoma. 

QmnlUaiive aspects of inhibitiou of gastric secretion by 
pyrogens. M. I. Grossman and Delbert Blicken- 
STAEF. Dept, of Clinical Science, Univ. of Illinois 
College of Medicine, Chicago. 

Pyrexia was induced bjf the intravenous injection of 
pyrogen, and its effect upon the rate of gastric acid 
secretion induced in gastric pouch dogs by injection of 
histamine every lo minutes was observed. The highest 
dose of bacterial pyrogen used (lo fig/kg.), produced an 
average temperature rise of 3.o°F., and an average of 
72% inhibition of secretion for the 3-hour period follow- 
ing the injection. For botli pyrogens used the relation 
between log dose of pyrogen and pyrexia or inhibition 
is linear over a large portion of the range of doses 
studied. In no individual test did gastric secretory in- 
hibition occur without pyrexia. There was a lag of about 
one hour between the onset of pjTCxia and the onset of 
inhibition; there was a similar lag between the subsi- 
dence of pyrexia and the return of secretion to control 
levels. Because of these lags, early in tlic course of a 
test p3T:exia often occurred without secretory inhibition, 
whereas late in the test secrctor}’’ inhibition without 
pyrexia often was seen. Pyrexia, tlicrcforc, is considered 
not to be directly responsible for the depression of 
secretorj'^ activity. 

Effect of a 20° head-up tilt on cerebral blood flow in essen- 
tial hypertension. Joseph H. HAFKENsemEL, 
Charles W. CRUAtPxoN, John H. Moyer, Henry 
A. Shenkin and William A. Jeffers. Robinette 
Foundation, Medical Clinic, Hospital of the Univ. of 
Pennsylvania, and Harrison Dept, of Surgical Re- 
search and Dept, of Pharmacology, Univ. of Penn- 
sylvania School of Medicine, Philadelphia. 

Cerebral blood flow and oxygen consumption were 
measured by the nitrous oxide method in eight patients 
before and after 20 minutes of tilt in a study of the 
effects of semi-erect posture on cerebral hemodynamics 
and oxj'gen metabolism in hypertension. Seven other 


patients were studied similarly 2 weeks to 2x months 
after sympathectomy. The tilting responses of each 
group are compared with the results obtained using the 
same procedure in 5 normotensive patients studied by 
Shenkin {Am. J. of Med. Sc. 216: 713, 1948), The mean 
carotid pressure was reduced by the tilt in all tlnee 
groups, this being the only significant change in the 
sympathectomy group. Cerebral blood flow and cerebral 
vascular resistance were reduced in the unoperated 
hypertensives. Cerebral oxj’gen uptake was unchanged 
while oxygen content of jugular venous blood dropped 
from 10.8 to 9.3 vol.% in this group. These findings 
suggest that tilting hypertensive patients reduced the 
cerebral blood flow. The increased cerebral vascular 
resistance was reduced bj’ the tilt but not to the extent 
necessary to compensate for the lowered cerebral ar- 
terial pressure. Oxj'gen consumption was maintained at 
the cost of a lowered cerebral oxj’gen tension. Tlie tilt 
response of hj'pcrtensives after sympathectomy more 
closelj' resembled that of normotensives. 

Gro'wth and body structure of the albino rat on diets in 
which one of the major foodstuffs predominates. John 
Haldi and WiNTREY Wynn*. Dept, of Phj-siologj’, 
Emorj’ Univ. School of Dentistrj', Emorj' University, 
Ga. 

A study has been under way in our laboratories for 
over two j'cars to determine whether a large amount of 
sugar in the diet over a long period of time produces any 
deleterious effects on tlie animal organism. Evaluation 
of the effect of the large sugar intake is made bj' com- 
parative observations on animals maintained on a high 
fat and a high protein diet. These observations are to be 
extended over two generations of albino rats deriv’ing 
approximately 60% of their total caloric intake from 
eitlicr carbohj'drate (sucrose), protein or fat. Data are 
to be obtained on tlie number of litters bom, the num- 
ber of offspring, weight of offspring at birth, viability 
of offspring, growth curves, longevitj', radiographic and 
liistological structure of the bones in tlie active growing 
stage, weight of the individual organs, histological 
structure of the internal organs, water, protein, fat, total 
ash, calcium and phosphorus content of the eviscerated 
body, pyruvic acid, lactic acid and hemoglobin content 
and the red and white cell count of tlie blood. The 
teeth are to be examined for any evidence of caries and 
for anj’ abnormalities that might occur. This present 
preliminarj' report is concerned with only a few limited 
phases of the problem, viz: weight curves, fat, protein, 
calcium, phosphorus and total ash of the bodies, weight 
and histological structure of the organs of tlie animals 
of the first generation. From the data now available and 
to be presented, it appears that a large amount of sugar 
in the diet has no disadvantage as regards the growtli 
and structure of the organism. 
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Absence of an acute pressor response to desoxycorticoste- 
rone in hypertensive dog. Charles E. Hall. Carter 
Laboratory of Physiology, Univ, of Texas, Medical 
Branch, Galveston. 

The hypertensive effect of desoxycorticosterone ace- 
tate has been demonstrated in rats, dogs and man. In 
1948 Goldman and Schroeder reported that the intra- 
venous administration of 5 mg. DCA in propylene glycol 
caused an acute pressor reaction maximal within 30 
minutes in hypertensive patients, but not in normoten- 
sives. Since it is held by some investigators that essen- 
tial hypertension is of renal origin, we decided to test 
the response to DCA of dogs wdth renal hypertension. 
The hormone was administered intravenously to 3 
hypertensive dogs and 2 normotensive controls in doses 
of from 4 to 12 mg. in 2 to 2.5 cc. propylene glycol. The 
solvent was used as a control injection on other occa- 
sions. Six trials %vith DCA and 6 with prop3dene glycol 
were made on 2 of the hypertensive and both control 
dogs. Four trials with DCA were made on the remaining 
hj-pertensive dog. Blood pressure recordings from the 
femoral artery, using a strain gauge pressure transmitter 
and an oscillograph, were made at o, 15, and 30 minutes, 
and occasionally, some hours after injection. A constant 
pressor response to DCA was not observed. The few 
elevations of blood pressure which were observed oc- 
curred in both h3T3ertensive and normotensive dogs and 
followed the injection of solvent alone as frequently as 
with DCA. More commonly there was no change in 
blood pressure. No difference between the lower and 
higher doses of DCA was observed. It is concluded that 
desoxycorticosterone acetate does not elicit an acute 
pressor response in dogs with renal hjqjertension. 

Histamine content of canine pancreatic tissue and pan- 
crealic juice. G. A. Hallenbeck, M. Dworetzky 
AND C. F. Code. Section on Physiology, Mayo Clinic 
and Majm Foundation, Rocliester, Minn. 

Pancreatic juice was obtained from 3 trained dogs by 
the method of Thomas. The histamine equivalent of 
pancreatic juice was estimated by a modification of 
procedures described by Barsoum and Gaddum and b}"- 
Code. The histamine equivalent of pancreatic tissue 
was determined by this method after extraction of fresh 
pancreas with 10% trichloroacetic acid. Histamine was 
undetectable (less than 2.5 /ig/1.) in pancreatic juice 
secreted in response to j) intraduodenal instillation of 
20 ml. of N/ 10 HCl every 15 minutes and 2) intravenous 
injection of one unit/kg. body w'eight of Lilly’s secretin 
every 10 minutes, and 3) subcutaneous injection of 0.5 
mg. of pilocarpine every 10 minutes. Among 8 samples 
of juice obtained in response to a meal of raw horse- 
meat, histamine was undetectable in 5, present as a 
trace (2.s-5.o/ig/l.) in 2, and present in a concentration 
of 7 -S Aig/k in one instance. Among 5 samples of juice 


secreted in response to i mg. of histamine given sub- 
cutaneously a histamine-hke substance was present in 
concentrations ranging from 6.3 to 8.4 /zg/1. in 4 sam- 
ples and occurred as a trace in one sample. Thus except 
in instances in which histamine was given subcutane- 
ously, the presence of a histamine-like substance in 
pancreatic juice was unusual. This is a notable contrast 
to the usual presence of a histamine-like substance in 
gastric juice secreted in response to a variety of stimuli. 
Canine pancreatic tissue regularly contained a hista- 
mine-like substance in quantities which could be readily 
assayed. Values among 5 dogs ranged from 3.1 to 13.4 
/ig/kg. of fresh pancreas. 

Some indications of cyclic reproductive activity in the non- 
ovulating rabbit. Clara Hamilton. Dept, of Biology, 
Univ. of Georgia, Athens. 

An investigation is being made to determine if there 
are cyclic reproductive changes in non-ovulating rabbit, 
since, in this organism, there is always a continuous 
series of ripening and degenerating follicles, and there 
are always present follicles capable of maturing and 
rupturing within 10 hours after an adequate stimulus. 
Studies of the vaginal smear, histology of the reproduc- 
tive tract and blood estrogen levels are being made. 
With the aid of a glass tube inserted through the ves- 
tibule into the vaginal orifice, smears of the vaginal 
contents are made and stained according to the Shorr 
procedure. Daily smears have been made on 6 rabbits 
for over 100 days each. Study of these smears shows 
cyclic recurrence of peaks of relative abundance of 
certain distinct cell types at 4- to 6-day intervals. A 
histologic examination of thin sections of the repro- 
ductive tract, also stained by the differential Shorr 
stain, indicates slight alterations correlating with the 
changing vaginal smear and locates the source of cer- 
tain of these cells. To study blood estrogen levels, 
ovariectomized guinea pigs, primed several days pre- 
viously with estradiol benzoate (Progynon B; courtesy 
Schering Corp.), are given 0.05 cc. whole rabbit blood 
perivaginally (Hartman-Littrell method; Endocrinol- 
ogy 49: 292); opening of the vaginal closure plate is 
a positive response. This latter portion of the study 
has only begun, but indications are that at the time 
cornified cells are relativelj’- most abundant there is 
a higher blood estrogen level. 

Influence of temperature on pressure-volume. J. Henry, 
H. Jacobs, A. Karstens and 0. Gaiter. Aero Med- 
ical Laboratory, Wright-Patterson Air Force Base, 
Dayton, Ohio. 

It is of value to know the manner in which changes 
in the tone of the venous system of the limbs affect 
the volume of blood contained by them at any par- 
ticular pressure. A pressure plethysmograph was made 
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in which a man could stand immersed up to the groin. 
By bending fonvard, mean venous pressure in the legs 
was reduced to approximately 40 cm. water. Tlie vol- 
umes of the veins at pressures intermediate between 
zero and 40 cm. water were determined by applying 
various degrees of fluid counter-pressure; and those 
in the range of 40-120 cm. water by increasing venous 
pressure by pressure breatliing. A change from sweating 
with vasodilation to shivering was obtained by ad- 
justing bath temperatures variously in Uie range from 
44° C. to 18° C. A cuff technique, whereby blood was 
trapped in the legs, was employed to confirm the data 
obtained by the pressure plethj’smograjih. Similar 
results were obtained in the 4 subjects studied. In a 
tj’pical case at all temperatures, the volume increased 
rapidly and by the same amount, with rises in pressure 
up to 30 cm. water. The final volume at this pressure 
was 400 cc. At pressures from 40 to 120 cm. water, 
the elastic limits of the S3’stem plaj'ed an increasing 
part, and volume increments for increased pressure 
decreased correspondingly'. This elastic limit was at- 
tained more rapidlj' in the cold limbs. In one case, the 
final volume pooled at iS° C. and 120 cm. water pres- 
sure was 570 cc., but at 44°C. and the same pressure, 
the volume was 840 cc. The results show tliat at pres- 
sures in excess of 30 cm. water, the capacity of the 
venous system in the legs is significanth' increased by 
vasodilation and decreased by chilling. 

Principles underlying behavior of body components under 
rapidly applied forces. Carl M. Herget. Medical 
Div., Army Chemical Center, Md. 

Body components suffer distortion when a force is 
applied to them. This distortion is propagated along 
the component with a velocity which has a definite 
value in any given case. The speed of travel deter- 
mines how much strain is built up in the region of im- 
pact before neighboring regions begin to share in the 
motion and tend to relieve tlie strain. Whetlier or not 
the component suffers injury tlius depends in part upon 
its own elastic behavior (i.e. upon the speed uith which 
this disturbance travels) and upon the magnitude and 
duration of tlie applied force. Examples are given show- 
ing tlie propagation of a distortion along the abdominal 
fascia of the dog, and the behavior of dog’s ribs, under 
a force of several milliseconds duration which attained 
a peak value of 400 to 500 g. It is concluded that manj' 
individual body components can withstand forces of 
hundreds or even thousands of g for a short time. 

Effect of sudden changes of inspired air pOi on alveolar 
air gas tensions. Fred A. Hitchcock and Ralph W. 
Stacy. Laboratory' of Aviation Physiology and Med- 
icine, Ohio State Univ., Columbus. 


A study of the effects of sudden changes in the pOj 
of inspired air on the CO- and 0 - tension of alveolar 
air has been carried out by' means of the mass spectro- 
graph developed in this laboratory'. The reduction of 
pO; of inspired air was produced, first, by' breatliing 
gas mixtures with low o.xygen content and, second, 
by explosive decompression. In all e.xperiments the 
rate and depth of respiration was kept constant. YTen 
low o.xygen tensions were breathed, the PO2 of alveolar 
air reached its low level at the end of the 8tli to the 
loth respiratory cycle. Each brcatli reduced the pO- 
of the alveolar air by about one third of tlie difference 
between the value at the end of the preceding brcatli 
and the icrminal value. Following explosive decom- 
pression the pO: reached its low level in a shorter time 
than the rc.sponsc of the instrument. The new equi- 
librium was usually reached before the involuntary 
c.xpulsion of air which resulted from c.vplosive decom- 
pression was complete. In both sets of e.xperiments the 
pO; of alveolar air bore a straight line relationship to 
the pO; of inspired air, the difference between these 
two being appro.ximatcly 30 mm. Reduction of the 
pOj of die inspired air causes first a rise, then a fall of 
the alveolar pCO-. These results may' be tentatively 
explained on the basis of shifts in tlie carbon dio.xidc 
dissociation curve. 

A comparison of cardiac output obtained by the direct 
Pick and pressure pulse contour methods in the open- 
chest dog. R. A. Huggins, E. L. SiiiTii and M. A. 
Sinclair. Dept, of Pharmacology, Baylor Univ. 
College of Medicine, and Dept, of Physiology, Unix', 
of Texas Dental School, Houston. 

Barbital Na, 300 mg/kg. was used as the anesthetic. 
The chest was opened and a large rotameter inserted 
on tlie venous side so tliat the total venous return 
could be measured. These data arc not reported. For 
tlie direct Fick determination O- consumption xvas 
measured by' connecting the dog to a iMcKesson Re- 
cording Metabolism machine and blood 0 : by' the micro- 
method of Roughton and Scholander (/. Biol. Chem. 
148: 541, 1943). Cardiac output was also calculated 
from central pulse contours (HiVXHLTON and Rexhng- 
TON, Am. J. Physiol. 14S: 14, 1947). Twenty'-three 
simultaneous cardiac output determinations were made 
on 5 dogs. The average difference between the results 
with the 2 metliods was ±12.5% with a range from 
— 13.7 to -j-S 9 % and a coefficient of correlation of r = 
+0.985. 

On tertiary peristalsis of esophagus of the cat. Kao 
Hwang (introduced by A. C. Ivy). Univ'. of Illinois 
College of ^'ledicine, Chicago. 

Tertiary' peristalsis (propulsive movements of the 
denervated lower portion of tlie esophagus) has been 
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studied in ii cats after complete vagotomy by the 
technique used by Jurica {Am. J. Physiol. 77: 371, 
1926) except that only local anesthesia was used. These 
animals were examined with barium meal under fluor- 
oscopy without anesthesia usually within one hour 
after the operation. At first only the cervical portion 
of the esophagus was active and the lower two thirds 
was paralyzed and dilated. After a period of quiescence 
of from less than one hour to 2 to 3 daj^s (55% in 3 
hours) tertiary peristalsis appeared over the lower 
third of the esophagus, which persisted and served to 
evacuate contents into the stomach without dilation 
during periods of observation up to 5 months. During 
the initial period of quiescence the paratyzed lower 
third of the esophagus showed peristaltic activity in 
response to mechanical stimulation and to paras>nn- 
pathomimetic drugs. Carbaminoylcholine gave more 
consistent effects than urecholine and prostigmine. 
Fully developed tertiary peristalsis and peristalsis of 
the normal esophagus were neither stimulated nor 
inhibited by these drugs or epinephrine but were para- 
lyzed for a short period followed by paresis after dibu- 
toline, atropine and tetraethylammonium chloride. 
The denervated esophagus seems more susceptible to 
the muscarinic blocking agents. The cardia in most 
cats showed persistent atonia after the vagotomy. The 
theory' that cardiospasm develops as a result of vagot- 
omy is not supported by the present work. 

Ejffecl of calcium, citrate and phosphate ions on autonomic 
ganglia. Aixxander G. Karczmar* and Theodore 
Koppanyi. Dept, of Pharmacology, Georgetown 
Univ. School of Medicine, Washington, D. C. 
Magnitude of vasopressor effects of intravenously 
injected acetylcholine and nicotine was used as meas- 
urement of sympathetic ganglionic activity in fully 
atropinized dogs. Calcium chloride up to 450 mg/kg. 
did not affect these responses appreciably. Sodium 
citrate in moderate doses (about 100 mg/kg.) occasion- 
ally potentiated acetylcholine and nicotine pressor 
effects, and in larger doses (up to i.o gm/kg. in divided 
doses) greatly diminished or abolished such pressor 
effects. Sodium hexametaphosphate (up to 300 mg/kg. 
in divided doses) and other organic phosphates also 
abolished acetylcholine and nicotine pressor effects. 
Phosphate compounds and especially the citrate pro- 
duce a fall of blood pressure, reversible cardiac damage, 
an initial hyperpnea and subsequently a prolonged 
apnea. Vasodepressor response and cardiac phenomena 
were inhibited by calcium chloride but not by atro- 
pine. Whenever sympathetic ganglionic activity was 
depressed by either citrate or phosphate, calcium pro- 
duced some return of acetjdcholine and nicotine 
pressor effects. VTien ganglia were depressed by massive 


doses of tetraethyl pyrophosphate (TEPP) {Science 
106: 493, 1947) then calcium produced only a slight 
return of ganglionic responsiveness. Citrate (100-300 
mg/kg.) administered after calcium produced, how- 
ever, a pressor effect of its own, and subsequently 
restored full acetylcholine, but not nicotine pressor 
effects. Whether the citrate reversal of ganglionic 
paralysis in respect to acetylcholine but not to nico- 
tine can be explained in terms of Bronk’s findings of 
its direct stimulating effect on ganglia remains to be 
determined. It seems to point, however, to the existence 
of a non-cholinergic factor in ganglionic excitation 
{Federation Proc. 8: 309, 1949). 

Further studies on cinchophen peptic ulceration. K. S. 
Km*, D. F. Magee* and A. C. Ivy. Univ. of Illinois 
College of Medicine, Chicago. 

One fraction of gastric mucin contains glucuronic 
acid. Orally administered mucin is knowm to afford 
partial protection against peptic ulceration in Mann- 
Williamson dogs and in dogs to which cinchophen has 
been administered. It has been suggested that conju- 
gation of toxic substances with glucuronic acid may 
result in a decrease of available glucuronic acid for 
mucin synthesis witli a consequent loss of an important 
protector of the gastric mucous membrane. In this study 
we undertook to investigate the effect of cinchophen 
upon the urinarj' glucuronic acid and upon the pyloric 
secretion in dogs, which is mainly mucus. Oral admin- 
istration of cinchophen in doses of 70-150 mg/kg. in 
dogs and of 200-400 mg/kg. in rabbits increased the 
urinary glucuronic acid output. As rabbits do not de- 
velop cinchophen peptic ulceration, this observation 
throws some doubt upon the glucuronic acid depletion 
theory. In chronic pyloric pouch dogs, administration 
of 150-200 mg/kg. of cinchophen invariably reduced, 
within 3 days of its commencement, the 4-hourly out- 
put of juice by 75%, often by more. This decrease ma}' 
be an important factor in the etiology of cinchophen 
ulcer. 

Knowlesi malaria in monkeys. II. A first step in separa- 
tion of mechanical pathologic circulatory factors of one 
sludge disease from possible specific ioxic factors of 
that disease. Melvin H. Knisely, Warren K. 
Stratuan-Thomas, Theodore S. Eliot and Ed- 
ward H. Bloch. Division of Anatomy and Preven- 
tive Medicine, Univ. of Tennessee Medical School, 
Memphis; Hull Laboratory of Anatomy, Univ. of 
Chicago; and Dept, of Anatomy, Medical College 
of the State of South Carolina, Charleston. 

Knisely, Bloch, Eliot and Warner {Science 100: 
431, 1947) reported circulating sludged blood in human 
patients diagnosed as having 50 human diseases. The 
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main experimental attack aimed at understanding how 
sludge damages the body has been carried out using 
rhesus monkeys infected with knowlcsi malaria (/. Nat. 
Malaria Soc, 4: 285, 1945) and the motion picture de- 
scribed therein. During Stage II of that disease each 
parasitized red cell is coated with a sticky opsonizing 
material which permits (and is necessary for) spleen 
and liver phagocjdes to ingest tlie parasitized crj'thro- 
cyte. Usually during some parasite segmentation period 
when the parasite count rises from 5 to 30% of the 
monkey’s red cells, a second semi-rigid precipitate 
suddenly forms between and around all blood cells 
changing all blood to a thick, pasty Stage III circulat- 
ing sludge. This sludge forcibly resists passage tlirough 
arteriol^ and capillaries; flow rates sharply decrease; 
stagnant anoxia of endotlielium permits rapid plasma 
loss through venule walls, decreased venous return and 
death. Forty monkeys died tlius; many with but 50 
to 200 parasites per 100 erythrocytes and the Stage III 
sludge. All died within t 2 hours; most within 6 hours. 
High heparin dosage prevented formation of opsonins 
and sludge; permitted development of high parasite 
counts in fluid, rapidly flowing, blood. Animals with 
from xooo to iSoo parasites per 1000 erythrocytes lived 
an additional 12 hours or more after the parasite count 
was above 500, until parasites consumed all hemoglobin. 
Stage ni sludge kills quicker than possible but un- 
demonstrated parasite toxins. 

Laboratory demonstration of methods currently used for 
■microscopic studies of circulation in living internal 
organs of animals, and sludged blood in human beings. 
Melvin H. Knisely, Louise M'’arner and LeRoy 
Finney. National Naval Medical Center, Naval 
Medical Researcli Institute, Bethesda, Md., and 
Dept, of Anatomy, Medical College of the State of 
South Carolina, Charleston. 

These methods have been described in the literature. 
Knisely, Bloch, Eliot and Warner, Science 100: 
431, 1947; M. H. Knisely, in E. V. Cowdry, Micro- 
scopic Technique in Biology and Medicine (2nd ed.). 
Baltimore: Williams and Wilkins, 1948. Knisely, 
Bloch, Eliot and Warner in 0 . Glasser, Medical 
Physics (2nd ed.). Chicago: The Yearbook Publishers. 
In press. 

Relation of height and age to reflex time. G. Clinton 
Knowlton and Louis P. Britt*. Dept, of Physical 
Medicine, Emory Univ. School of Medicine, Atlanta, 
^ Ga. 

Reflex time and standing height was measured on 
700 individuals ranging from one month to 42 years of 
age. This sample was screened to exclude all individuals 
having anj'' histor>' of neuromuscular disorder. Reflex 
time was taken as the period from mechanical stimu- 


lation at the patella tendon to the first appearance of 
die action potential at the motor point of the rectus 
femoris mflscle. A group consisting of males 6 to 20 
and of females 7 to 20 years of age appears homogeneous 
in dial for them the reflex time of the knee jerk can be 
predicted from body height without regard to age. The 
formula, time (in msec.) = 0.093 height (in cm.) + 
1.4 is die regression line of time on height derived from 
the correlation coefficient. The probable error of esti- 
mate is 0.6 msec. This restricted sample consists of 
1192 reflc.xcs from 596 individuals. Tlie number of 
observadons on individuals outside this age group is too 
small to give valid prediction formulae, but is adequate 
to show that these excluded age groups do not fit the 
formula given above. Before the 6th and after the 20th 
j'car die reflex time is longer in proportion to height 
than it is for the intermediate age group. Whether this 
represents a change that occurs in a given individual 
in passing these ages can only be determined from re- 
peated observations on the same individuals over a 
span of years. 

Escrinc-lihe activity of adenylic acid and of xeatcr- 
solublc adenosine-triphosphate {ATP). Theodore 
Koppanyi and .'Vlex;\nder G. K,\rcz!4ar*. Dept, of 
Pharmacology, Georgetown Univ, School of Medi- 
cine, Washington, D. C. 

Inorganic and organic phosphates were tested in 
ancsthedzed dogs as to their ability to potentiate mus- 
carinic and nicotinic effects of accD'lcholine and re- 
sponses to preganglionic nen'c sdmulation. Adenylic 
acid and ATP showed more marked effects than other 
phosphates widi exception of DFP-type anticholines- 
terases. Adenylic acid and ATP produced vasodepressor 
effects on intravenous administration not inhibited by 
atropinization. Adenjdic acid (0.5-6.0 mg/kg.) poten- 
tiated the vasodilator effects of acetylclioline and 
cardiac inhibition following stimulation of peripheral 
end of divided vagus. ATP (o.i-io.o mg/kg.) produced, 
somewhat less consistently, similar effects. In atropin- 
ized animals adenylic acid potentiates the pressor 
effects of acetylcholine and nicotine as well as hemo- 
djmamic responses following faradic stimulation of the 
cephalic end of the divided vago-sympatlietic. ATP 
potentiates the latter, but affects negligibly the response 
to acetylcholine and nicotine. Larger doses of adcn3dic 
acid and ATP block acetjdcholine and nicotine pressor 
effects. This block can be reversed bj' antiesterases 
(DFP, prostigmine). It is unlikely that tliese results 
are comparable to the stimulation by ATP and aden5dic 
acid of perfused superior cervical ganglion of the cat 
(Feldberg and Hebb, J. Physiol. 107: 210, 194S) 
since the stimulation was obtained in denervated 
ganglia independently of acetylcholine release at pre- 
ganglionic nerve ends. However, the results described 
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and related evidence (see accompanying abstracts 
and Federation Proc. 8: 309, 1949) support their state- 
ment on the non-cholinergic (specific) nature of the 
effects of ATP and adenylic acid. 

Effects of cholinesterase inhibitors on the electrical excit- 
ability of the cephalic end of the vagosympathetic 
trunk in dogs. Theodore Koppanyi and Alexander 
G. Karczmar*. Dept, of Pharmacology, George- 
town Univ. School of Medicine, Washington, D. C. 
In atropinized animals faradic stimulation of the 
cephalic end of the vago-sympathetic (CV) pr'oduces, 
in addition to vagal apnea, either purely vasodepressor 
or only slight pressor effects. Various acetylcholine 
potentiators (DFP, HETP, TEPP and neostigmine; 
or adenosinetriphosphate (ATP) and adenylic acid, 
see the accompanying abstract) either reverse the 
depressor or considerably increase the pressor effects 
following CV stimulation. This pressor effect increases 
TOth the dose of the agent and may amount to more 
than 1000% of the original readings. It is not due to a 
progressive increase of the pressor effects upon repeated 
stimulation, for in control experiments the initial effect 
remained constant over long periods of time (6 hours 
or more). It is, in fact, one of the most dependable 
effects of acetylcholine potentiators. Large doses of 
some antiesterases (Science 106: 432, 1947) and of ATP 
and adenylic acid which abolish acetylcholine and 
nicotine pressor effects in atropinized animals abolished 
the pressor effects following the CV stimulation. These 
experiments and the observations that the effect of 
acetylcholine potentiators on CV stimulation is ob- 
tained also with artificial respiration; and that the 
paralytic doses of nicotine abolish the pressor effects 
following CV stimulation, but not vagal apnea, prove 
that the effect is not due to the latter and that it is 
exerted on the superior cervical ganglia. They confirm 
our previous communication (Federation Proc. 8: 309, 
1949) that certain antiesterases potentiate the responses 
to preganglionic cholinergic nerve stimulations. 

Spectrophotometric studies on whole blood in the red and 
near infrared regions. Kurt Kramer, James 0. 
Elam:, George A. Saxton and W. N. Elam, Jr. 
(introduced by A. Roos). Dept, of Physiology, 
USAF, School of Aviation Medicine, Randolph 
Field, Texas, and Lab. of Applied Thoracic Physi- 
ology, Dept, of Surgery, Washington Univ. School 
of Medicine, St. Louis, Mo. 

Beer’s law, modified for mixtures of Hb and oxy Hb, 

can be expressed as follows: Ci = — v --r • In 7/Jo + 

(62 — €l)d 

. Where Ci = Oxygen content of Hb; C = 0:^gen 

62—61 


capacity of Hb; 61 = Extinction coefficient of oxy Hb; 
62 = Extinction coefficient of Hb; I/Jo = Transmission 
of light. According to this equation plottings of Ci 
against In J/Jo are linear with a constant slope 1/ 
(62 — 61) d at any capacity. This has been proved for 
Hb solutions (1934). In the course of recent efforts to 
develop an improved two-color oximeter, investiga- 
tions were carried out to determine the extent to 
which Beer’s law holds for whole blood. The trans- 
mission of monochromatic light in the red and near 
infrared regions through running blood of different 
oxygen contents and capacities was studied in plane- 
parallel cuvettes. A straight-line relationship between 
Cl and In J/Jo was found at any wave-length, any 
capacity, and any depth of cuvette, but the slope 
was not constant at different capacities. The expla- 
nation for this could be seen in measurements of light 
transmission of oxygenated blood at various capac- 
ities (Coxy). Plottings of Coxy against In J/Jo showed a 
considerable increase of absorption (ei) from o to 
almost 10 vol. % oxygen, leveling off at liigher capacities 
up to 30 vol. %. A similar curve was found for Crcduccd 
though the changes in 62 were much less pronounced. 
Consequently, 62 — ei cannot be constant. It is be- 
lieved that these findings explain most of the errors 
involved in our conventional procedure with the 
two-color oximeter, and may point the way towards 
its improvement in the future. 

Pole of carotid sintts reflex during experimental hyper- 
tefision. William G. Kubicek, Frederic J. Kottke 
AND Donna Jeanne Laeer. Division of Physical 
Medicine, Univ. of Minnesota Medical School, Min- 
neapolis. 

The primary purpose of this investigation was to 
elucidate the mechanism of the carotid sinus reflex 
during experimental hypertension. Unipolar shielded 
silver electrodes were applied to each splanchnic nerve 
through dorsal incisions. Electrical stimulation 20 
hours per day with sinusoidal alternating current of 
2 CPS produced an elevation in diastolic blood pressure 
of approximately 35 mm. Hg. At the end of any given 
20-hour stimulation period, the pulse rate was the 
same as the control level. Cessation of stimulation was 
followed by a fall in blood pressure within 2-3 minutes. 
Five minutes after the end of stimulation the blood 
pressure was found to be within 25 % of normal and the 
pulse rate increased markedly. These data indicate 
that after hypertension is established, the carotid sinus 
and aortic arch reflexes accommodate to the new blood 
pressure and maintain the puke rate normal. A sudden 
decrease in blood pressure toward the control level is 
opposed by the carotid sinus mechanism which attempts 
to maintain the blood pressure at the higher level. Two 
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to three days are necessary for pulse rate and blood 
pressure to return to normal after the end of several 
days stimulation of the splanchnic nerves. 

Further observations on thermal conductance of colonic 
region. Eugene hi. Landis, H. Scaeborough*, T. 
B. Ferguson* and R. E. Forster, II*. Dept, of 
Phj^iology, Harvard Medical School, Boston, Mass. 
The thermal flowmeter previously described by 
Scarborough cl al. {Ant. J. Physiol. 155: 467, 1948) has 
been calibrated empirically so that changes in thermal 
conductance of the colonic region itself can be measured. 
They can then be expressed perccntually in terms of 
control conductance. The thermal conductivity of 
dead and e.xcised colonic tissue averaged .061 

^ ^ midway between the thermal 

cm.= X min. X C. 

conductivities of pig muscle and dermis (.066 and .053 
respectively, Henriques and' Moritz, Am. J. Path. 
23; 531, 1947). In anesthetized dogs atropinization, by 
reducing peristaltic activity, reduced greatl}' the vari- 
ability of the indicated thermal conductance of the 
colonic region. Hemorrhage <i) graded to increase heart 
rate by 20 beats per minute, b) graded to reduce mean 
arterial blood pressure to 100 mm. Hg and c) massive 
and rapid enough to produce profound hypotension 
reduced thermal conductance of the colonic region by 
averages of 5, 17 and 27% respectively, including ani- 
mals with and without atropinization. Re-transfusion 
increased it by 34%. Larger increases of thermal con- 
ductance were observed during and after infusions of 
Ringer’s solution and larger decreases after administer- 
ing pitressin. The results with pressure breathing were 
too inconsistent to permit conclusions. The direction 
and approximate magnitude of possible artefacts have 
been studied. Calibration directly in terms of volume 
of colonic blood flow per minute has been attempted 
but has so far not been possible because of technical 
difficulties. From the evolutionary standpoint it is 
interesting that, according to this method of study, the 
colon with normal circulation can conduct heat away 
from the mucosal cells at almost exactly the same rate 
as would free convection by water. By comparison the 
published figures for average thermal conductance per 
area of the body surface are much lower than those of 
the colonic region. 

Respiration of the electric eel. L. L. L.angeey (introduced 
by John Bruhn). Dept, of Ph3'siology, Medical 
College of Alabama, Birmingham. 

The electric eel is an air breather. The gills are poorlj' 
formed, there are accessory respiratory organs in the 
mouth and, if the animal is prevented from reaching 
the surface of the water to breathe, it will die. On the 
other hand, so long as the skin is kept moist the animal 


can live out of water indefinitelj'. These observations 
made it of interest to study the clTect of hj-poxia and 
hypercapnia on the respiratory rate. Tlie electric eel, 
under ordinarj- conditions, comes to the surface 2 or 
3 times per minute to breathe. The air is gulped in, the 
fish sinks and before coming to the surface again the 
air is e.vpelled through the gills. CO2 caused a steadily 
increasing rate of respiration until a maximum of about 
20 per minute was reached at a COj concentration of 
5 to 6%. Reducing the 0 ; concentration had little 
effect until it was reduced lower than 12%. Tlie respir- 
ation then increased to a peak of 15 per minute. The 
rate of 20 per minute produced bj' hj^pcrcapnia was 
never equalled bj' hj^ioxia of anj’ degree. In view of the 
fact that CO; has verj' little effect on the respiration 
of most fishes these obserwations arc quite striking. 
In many cases after the normal concentration of O* had 
been restored following severe hypoxia the animal, 
after taking a breath or two, would not again breathe 
for periods of 10 minutes or more. Such periods of apnea 
arc also seen under normal conditions. Apparently the 
electric eel is able to survdve, without breathing, for 
considerable lengths of time. 

Action of sympathomimetic amines on the central nenous 
system. /Veered LEiirooREER. Dept, of Pharma- 
cology, Loyola Univ., Chicago, 111 . 

The effects of tlie intracisternal (i.c.) injection of 
various sympathomimetic amines on the central nervous 
sj^stem and on the blood sugar of dogs have been 
investigated. The injections were made cither without 
preliminary sedatives or when the animals were fully 
awake following intravenous thiopental ancstliesia. The 
catechol-compounds (epinephrine, isopropjd-arterenol, 
butanefrine and 1-arterenol) e.xhibit an analgesic, anes- 
thetic and hypnotic action and induce a more or less 
long lasting central hyperglycemia. The central effects 
of i.c. epinephrine are the most extensive and the 
longest lasting. I.c. epinephrine also exerts a stimula- 
tion of the respiratorj’ center without clianges in blood 
pressure or electrocardiogram. Isopropjd-arterenol, bu- 
tanefrinc and 1-arterenol produce marked changes in 
the blood pressure and ECG. The phenol-compounds 
(Li. sj-nephrine), injected i.c., produce onlj' a short 
lasting sedation and a moderate, short lasting increase 
in blood glucose witli a high rise in blood pressure and 
unfavorable disturbances in the ECG, The phenjd- 
compounds (ephedrine, benzedrine and propadrine), 
injected i.c., produced no analgesia, no anesthesia, 
no sleep but great excitement. In addition, a high rise 
in blood pressure and several disturbances in the ECG, 
blit no changes in the level of the blood glucose follow 
the i.c. injection of these compounds. The 2-amino 
heptanes (tuamine and oenethyl) injected i.c. induce no 
anestliesia, no sleep, but very great excitement, stimu- 
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lation of motor areas of the cerebral cortex and a high 
increase in the blood pressure. The blood glucose is only 
slightly changed or not at all after i.c. injection of these 
amines. The relationship between chemical structure 
and the activities exhibited after the i.c. injection of 
these various amines is discussed. 

Role of component thresholds of cardiovasetdar response 
to acetylcholine in a conversion of its vasodepressor into 
a vasopressor action following anticholinesterases. 
Amedeo S. Mareazzi and E. Ross Hart*. Toxi- 
colog}' Section, Medical Division, Army Chemical 
Center, Md. 

"With increasing doses of DFP, the vasodepressor re- 
sponse to acet}dcho]ine is first enhanced, then gradual]}’- 
reduced, and finally reversed, i.e., converted to a pressor 
response. Bradycardia becomes conspicuous with in- 
creasing doses and often interferes witli the pressor 
response preventing it or preceding it with a small fall 
(diphasic response). A vascular rather than a cardiac 
origin for the pressor effect is thereby indicated. Elim- 
ination of the depressor phenomenon suggests that 
the reversal is due to uncovering a higher threshold 
pressor effect by block of the lower threshold depressor 
one, as in the well known similar acetjdcholine reversal 
by atropine. Moreover, if, like the ganglionic, the vaso- 
dilator action can be paralyzed b}'- larger doses of acetyl- 
choline or DFP, vasodilator paralj^is would precede 
the ganglionic and in fact occur at a time when DFP 
enhances cholinergic ganglionic transmission (MarRjXZzi 
AND Jarvik. Federation Proc. 6: 354, 1947). At this 
stage atropine -would have little further effect on the 
blocked vasodilator junctions but could block ganglionic 
transmission in vasoconstrictor pathways. This is in- 
deed the case for atropine now tends to prevent the 
pressor effect. The unmasking of a higher tlireshold 
ganglionic (including probably adrenal) action of acetyl- 
choline therefore appears to be the cause of tliis pressor 
response. Since a preliminary fall in pressure is not 
necessary, the carotid sinus mechanism does not seem 
implicated as an essential component. In support of a 
cholinergic nature for the vasodilator ‘paralysis’, the 
reversal can be produced by substituting for DFP re- 
peated injections of the relatively long lasting car- 
baminoyl-/ 3 -methyl choline, or the vasodilation reduced 
by continued acetylcholine infusion. 

Essential factors involved in spreading cortical depression. 
W. H. Marshall, C. F. Essig* and S. J. Dubroff*. 
National Institute of Mental Health, and Experi- 
mental Biology and Medicine Institute, National 
Institutes of Health, Bethesda, Md. 

It has been established that the spreading cortical 
depression is secondary to impaired function of the pia- 
arachnoid system. Dehydration and cooling consequent 


on exposing large areas of cortex to room air are crucial 
factors. Radical internal dehydration of the convoluted 
brain of the cat makes possible regular elicitation of the 
reaction by mechanical or electrical stimulation. This 
report deals with experiments on temperature only as 
manipulated by changing the temperature of a petrola- 
tum pool over the exposed cortex of rabbits and mon- 
keys. Decreasing the temperature from body level to 
15'’ to 2i°C. markedly intensifies tlie reaction. In many 
of our experiments \vitli rabbits the distinction is abso- 
lute, no spreading depression at body temperature but 
typical reactions with tlie oil pool at 17° to 2i°C. The 
monkey experiments show a more decisive difference. 
The local depression reaction as indicated by the nega- 
tive voltage change within a few millimeters of the stim- 
ulating electrode is always enhanced in the cold. These 
experimental facts support the hj’potliesis that spread- 
ing depression is due to the incompletion of a chemichl 
reaction associated with electrical stimulation or me- 
chanical distortion of the pia-arachnoid system and/or 
cortex. Presumably, the same factors apply to spreading 
depressions initiated b}^ intense neuronal activity. 

Changes in renal hemodynamics associated with intra- 
venous administration of sodium para-amino hippurate. 
Roger K. McDonald, John H. IMiller*, Nathan 
W. Shock and Benjamin Manchester*. Section on 
Cardiovascular Diseases and Gerontology, National 
Institutes of Health, Bethesda, Md., and Baltimore 
City Hospitals, Baltimore, Md. 

The frequent observation that the glomerular filtra- 
tion rate (GF) is diminished during the measurement 
of TmpAH suggests significant alterations in renal hemo- 
dynamics may be associated with high plasma PAH 
levels. In a series of 19 subjects the mean GF(CEsr) 
decreased significantly from 88.9 cc/min. at low plasma 
levels of PAH (1.0-3.4 mg.%) to 77.9 cc/min. at high 
plasma PAH levels (33-96 mg.%) (TmpAH) (t = 4 -ii; 
p<.oi). In 10 subjects the true renal plasma flow 
(RPF) was measured at low plasma levels and, im- 
mediately thereafter, at levels sufficiently high for 
determining TmpAH- Blood obtained by renal vein 
catheterization and femoral artery puncture was used 
for determining the plasma P/VH levels. The Fick prin- 
ciple was used in calculating the RPF. The mean RPF 
increased significantly from 498 cc/min. to 568 cc/min. 
(t = 3-88; p<.oi), whereas the filtration fraction 
(FF) decreased significantly from .181 to .144 during 
the TmpAH periods (t = 9.2; p<.oi). In a second 
group of 10 individuals the pulse rate and blood 
pressure were determined at one-minute intervals 
during and after the intravenous admihistration of 
50 cc. of 20% PAH. Although a significant rise in 
pulse rate, systolic, diastolic and pulse pressure oc- 
curred with the injection of PAH, all values had 
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returned to pre-injection levels witliin the 20 min- 
utes preceding the TmpAH determinations. It is con- 
cluded that the determination of TmpAH in man is 
accompanied by an increased RPF and a decreased 
GF and FF. 

EJfccl of pooling blood in exlremities on cardiac output 
and renal function in man. Robert L. McWhorter, 
E. Harvey Estes, FRAxas W. FiTZirooii, Jr., and 
Arthur J. Merrill (introduced by James V. 
Warren). Emory Univ. School of Medicine, Atlanta, 
Ga. 

The hemodynamic effects of tlie application of tour- 
niquets obstructing venous flow have been tlie object 
of considerable study. The circulatory alterations so 
produced are of interest because of their relationship 
to those seen in postural changes, shock and congestive 
heart failure. Cardiac output, renal plasma flow, filtra- 
tion rate, sodium excretion and urine volume were 
studied in normal subjects before, during and after 
tourniquets were applied to the lower extremities. The 
average renal plasma flow value fell to 69% and the 
average filtration rate value dropped to 87% of control 
value 31-40 minutes after tourniquet inflation and 
rapidly returned to control values following release. 
Sodium excretion and urine volume fell to 56% and 
17% of control values, respectively, during tills jieriod 
and were moderately reduced 21-30 minutes following 
release. The average drop of cardiac output during 
tourniquet inflation in 9 subjects was 12.5%. Six of 
9 subjects had reductions of cardiac output during 
tourniquets witli a rise toward or to control values 
following tourniquet release. The mechanism of tlicse 
phenomena is not clear at present. Perhaps a generalized 
cardiovascular alteration occurs, followed by a com- 
pensatory renal response. On the other hand, tlie pri- 
mary change may occur in the renal vasculature with 
a homeostatic reduction of cardiac output. Future work 
is desired to elucidate further the mechanisms of the 
alterations observ'ed in these studies. 

A direct study of resonant phenomena of arterial system. 
John P. Meehan, Jr. (introduced by Chester C. 
Hyman). Dept, of Physiology, Univ. of Southern 
California School of Medicine, Los Angeles. 

Two types of experiments have been done in an at- 
tempt to obtain direct information about the resonant 
and damping properties of the aorta and large vessels. 
In the first experiment, pressure contours were simul- 
taneously recorded from the base of the aorta and from 
the femoral' artery. The sudden injection of a small 
quantity of fluid into the base of the aorta by means of 
a catheter inserted through a carotid artery served to 
set up a free oscillation in the aorta. The frequency of 


these oscillations and the nature oi thefr transmission 
to tlie femoral artery were indicated on the pressure 
records. Tlie second c-xperiment consisted of introduc- 
ing a sine pressure wave of any desired frequency at the 
base of the aorta. Simultaneous pressure records were 
made at the point where the sine pressure wave was 
introduced and from the femoral artery. A direct indi- 
cation of the frequencies best transmitted was obtained 
by comparing the two simultaneous pressure records. 
The two experiments outlined were performed on 3 
each of the following animals: rabbits, cats, goats and 
dogs. In all animals tested, the frequency of free oscil- 
lations produced in the first c.xperiment was never 
greater than 60 cyclcs/scc. Results of the second ex- 
periment indicated significant transmission of fre- 
quencies above 20 c.p.s. to tlic femoral artery in only 
one cat and 2 goats. In the cat, 100% transmission was 
observed at 33 c.p.s. Frequencies immediately above 
and below this value were very much damped. Similar 
results were obtained from tlie goats. 

Diurnal variations in body temperature. H. C. Mellette 
AND B. K. riUTT (introduced by Steven M. Hor- 
vath). Dept, of Physical Medicine, Univ. of Pennsyl- 
vania, Philadelphia. 

Continuous rectal temperature determinations were 
carried out on ii male and ir female subjects, all 
healthy adults, by means of copper-constantan ther- 
mocouples and an automatic recording potentiometer. 
Four 24-hour studies showed that all minimum and 
almost all maximum temperatures occur between 6 P.M. 
and 6 a.m., and, therefore, principal emphasis was 
placed on the night hours. There were a total of 42 
such 1 2-hour observations. Maxima for males averaged 
38.32‘’C. at 8:49 P.M. and for females 38.36°C. at 10:49 
P.M.; minima, males 36.83°C. at 6:04 a.m. and females 
37.i6°C. at 4:48 A.M. With the exception of the levels 
of the maxima, these values were significantly different 
between tlie two sexes. One male showed only o.’]o°C. 
total range tliroughout the night, while one female 
showed as much as 2.o8°C. Fifteen-minute averages 
were plotted against time and each graph fitted with 
tlie best possible trend line by a modified method of 
least squares. The mean rate of fall from evening to 
morning was — ©.la'C/hr. for males and — o.o6'’C/lir. 
for females, a significant difference. Deviations from 
each trend line exceeding twice the root mean squares 
of all deviations for tlie corresponding sex, were ex- 
amined for possible relationship to time, evening meal, 
cold refreshments, activity, falling asleep, awakening, 
or changes in ambient temperature. Although the in- 
flexions were distributed apparently at random, it was 
found that of the 12 graphs demonstrating upward 
inflexions 7 began within 15 minutes of the onset of 
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moderate activity. In general sleep had a stabilizing 
effect on the shape of the temperature curve. 

Infrared radiation and olfactory sense. Walter R. 

Miles. Yale Univ., New Haven, Conn. 

This paper reports a study bearing on the h3rpothesis 
proposed by Dr. Lloyd H. Beck and the author two 
years ago, that olfaction is stimulated by variations 
in heat loss from sensorj’" smell receptors, losses that 
transiently exceed their resting rate of heat radiation. 
Twenty large American cockroaches {Periplaneta ameri- 
nana) were used at a time, and they were placed in the 
tray an hour before the tests, during which time the 
tray was in a lighted room and was suspended 30 
inches above a homogeneous neutral surface. All the 
experimental tests were made in a quiet room at night 
in complete darkness, except for two flash photographs 
made in each s-min. testing interval. In conducting the 
tests the cage was placed successively in 4 different posi- 
tions of rotation, for 5 min. each (o, 90, 180, and 270 
degrees) on a checkerboard surface, so as to provide 
repeated opportunities for the insects to reorient, that 
is, make choices m reference to the heat-reflecting and 
the heat-absorbing surface. A photograph was taken 
within the first 30 sec. and at the end of the s-min. 
period. AU the records were photographic. The positions 
of the numbered insects were examined and tabulated 
by a technician secured from outside the laboratory 
who did not know the problem. The records show that 
in complete darkness there was no prominent tendency 
for the roaches to cluster together in any corner or area 
of the cage. The over-all average positive response for 
the black squares showed 15% greater incidence than 
for the bright squares. This difference has a critical 
ratio larger than 5, indicating a probability of less 
than I in 1000 that similar results would occur by 
chance. The predominating positive response to the 
black was stronger shortly after cage placement than 
at the end of 5 min.: 18.4% as compared with 11,8%. 
This conforms with expectations in reference to olfac- 
tory adaptation. Controls were introduced to check 
on the possibility that the blackened areas were chosen 
because of some residual odors, even though they had 
been prepared two years earlier, and this factor appears 
to have been ruled out. The influence of the factor of a 
definite ambient odor in the experimental room was 
also examined. Oil of cloves, which is known to be 
strongly attractive to roaches, was used. Here the 
difference favoring the black was 20.8% shortly after 
cage placement, and 14.2% at the end of 5 minutes. 
The results of the entire series of tests, as in some other 
experiments on honeybees, appear to lend support to 
the general hypothesis that radiation plays a signifi- 
cant part in the physical stimulation of the sense of 
smell. 


Effect of epinephrine and shock on sodium para-amino- 
hippicrate extraction by the rabbit kidney. Fairfax 
E. Montague and Frank L. Wilson, Jr. (intro- 
duced by J. V. Warren). Emory Univ. School of 
Medicine, Atlanta. Ga. 

Trueta et al., using morphologic techniques, have 
demonstrated a juxtamedullary shimting of blood in 
the rabbit kidney. We have investigated the effect of 
this phenomenon on the renal extraction of Na para- 
aminohippurate. The kidneys were exposed in nembutal- 
ether anesthetixed rabbits. Subcutaneous injections of 
250 mg/kg. PAH were given. Simultaneous systemic 
and renal venous blood samples were taken and com- 
pared to determine the percentage extraction of PAH. 
Epinephrine, o.i mg. per injection, was given intra- 
venously; and blood samples taken immediately follow- 
ing visible renal ischemia. Thorotrast contrast medium 
showed that this ischemia indicated a juxtamedullary 
shunting of blood. Under these conditions the extraction 
generally falls to a negative value, 7 out of 9 animals 
showing a negative extraction. In the 7 the extraction 
fell to an average of —26.6%, returning to control 
levels (av. 90.0%) after varying periods of lime (10 
to 40 min.). Similar falls in PAH extraction were pro- 
duced by shock. These results show that juxtamedullary 
shunting of blood in the rabbit kidney, produced by 
epinephrine. and shock, is accompanied by a marked 
fall in the renal extraction of PAH. 


Itifluence of high and low oxygen levels on respiratory gas 
exchange in pulmonary fibrosis and emphysema. 
Hurley L. Motley. Cardio-Respiratorj’- Laboratory'-, 
Barton Memorial Division, Jefferson Hospital, and 
Dept, of Medicine of Jefferson Medical College, 
Philadelphia, Pa. 

The nature of abnormally high alveolar-arterial oxy- 
gen gradients 20 mm. Hg or more (average 28 mm. Hg) 
was investigated in 55 patients with varying degrees 
of emphysema and fibrosis by means of low and high 
levels of oxygenation and intermittent positive pres- 
sure breathing (IPPB). The folloinng table shows the 
effect of variations from air breathing on oxygen trans- 
port in the lungs. Arterial pOa was determined directly 
and alveolar pOa calculated by the indirect method. 


Breathing gas ii-S% O2 iS.7% Oj 27.8% Oj Air IPPB 


No. cases 


27 

Inspired pOj, mm. Hg 

83 

-661 

Aeration'gradient, mm. 



Hg (Inspiratory-al- 

veolar pOi gradient) 

33 

—12 

Alveolar pOa, mm. Hg. 

50 

-S 4 

Transfer gradient, mm. 
HgfAlveolar-arterial 

pOi gradient) 

II 

-17 

Arterial pOj, mm. Hg. 

39 

-57 


1 Change from air breathing. 


14 20 14 

126'- — 2S 192 +42> 1S4 -i- 5 ‘ 

SO -7 65 +10 43 — s 

76 —18 127 +32 iii-hio 

21 —10 43 +x6 23 —7 

55 — S 84 -}-i6 88+17 
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When the inspired pO: ''vas decreased by using low oxy- 
gen mixtures, the transfer gradient was decreased, and 
when high oxygen was used to increase the inspired 
pOj, the transfer gradient was increased. IPPB on 
compressed air decreased the transfer gradient and in- 
creased arterial pOj (average 17 mm. Hg). The in- 
crease in arterial pOj cannot be explained by hyper- 
ventilation, for the average alveolar pO; was 16 mm. 
Hg less with IPPB than the 27.8% o.xygen. The evi- 
dence suggests that IPPB decreases the mean gradient 
of oxygen tension from alveoli to arterial blood by pro- 
ducing a more uniform alveolar aeration. These studies 
provided information indicating that in the fibrosis of 
anthracosilicosis the distribution factor (unequal alveo- 
lar aeration and perfusion) is primarily responsible for 
the increased oxj'gen gradient between the alveoli and 
the arterial blood and the diffusion factor witli increased 
resistance of the pulmonar}' membrane is of minor 
significance. 

Hemodynamics of renal circulalion. John H. Moyer, 

Hadley Conn, Kehl JIarkley and Carl F. 

Schmidt. Dept, of Pharmacology, Univ. of Pennsyl- 
vania, Philadelphia. 

The experiments herein reported were designed so as 
to test, during electrical stimulation of the sciatic nerve 
and during adrenalin responses, the functional existence 
of neurogenically controlled renal by-passes which were 
reported by Trueta and his associates. The experiments 
consist of two main types: i) quantitative studies on 
changes in renal blood flow (Barcroft-Brodie prepa- 
ration in IS rabbits, thermostromuhr in 15 rabbits and 
bubble flow meter in 15 dogs), systemic blood pressure, 
and renal arteriovenous differences in blood oxygen 
content; 2) the injection of india ink into the arterial 
systems of these same animals. Twenty-one dogs and 
55 rabbits were used. Following sciatic nerve stimula- 
tion there was a significant and consistent decrease in 
renal blood flow (34% in dogs and 38% in rabbits after 
45 minutes) as compared to controls (4-10%). How- 
ever, contrarj' to the observations of Trueta ct al. the 
renal venous bloodneverbecame arterialized. The oxj’gen 
content always decreased and the A-RO2 increased. 
The blood pressure rose significantly in about ^ of the 
animals. When the cardiovascular system was well 
preserved following sciatic nerve stimulation india ink 
was distributed equally throughout the peripheral and 
the juxtamedullary glomeruli. The ‘Trueta by-pass 
phenomena’ (cortical ischemia and subcortical injec- 
tion) could, however, be reproduced in rabbits but not 
in dogs following death or following small doses of 
adrenalin in which cases the action appeared to be 
local rather than mediated through neurogenic reflexes. 
From these studies there is no evidence to suggest active 
patho-physiological renal shunts. 


Production of experimental hypertension in the rat with 
small adjtistablc clamps (Goldblatl type) applied to 
renal arteries. E. R. Mdnnell* ,vnd Donald E. 
Gregg. Medical Dept., Field Research Laboratoiy-, 
Fort Knox, Ky. 

A small adjustable silver clamp has been developed 
for application to and constriction of the renal arteries 
of the rat. The clamp, modeled after tiie larger Goldblatt 
clamp, measures 1.7 mm. in height, 1.65 mm. in length, 
and 1.5 mm. in width. Bilateral application and adjust- 
ment of the renal arterj* clamp at one operation has 
caused in 10 of ii rats a persistent elevation of blood 
pressure. The blood pressure was determined with the 
photocell method of Kcrslen el al. (/. I^b. & Clin. 
Med. 32: 1090, 1947), as modified in this laboratoiy’. 
The augmented blood pressure developed in 4-40 dajs 
and ranged from 160-220 ram. Hg. In rats operated 
upon with application and immediate removal of Uie 
clamps (controls), pressures ranged from 100-140 mm. 
Hg. Eight of the ii rats arc alive and well 3-5 months 
after operation. These studies are being extended. 

A new spectrophotometer adapted to measurements of 
hemoglobin and oxyhemoglobin in whole hemolyzed 
blood. Gabriel G. Nahas and Ricn..\RD C. Fouxer 
(introduced by Wallace 0. Fenn). Dept, of Physi- 
ology and Vital Economics, Univ. of Rochester 
School of Medicine and Dentistry, Rochester, N. Y. 
A description of an abridged spectrophotometer for 
measuring hemoglobin and o.xj'hemoglobin of whole 
hemolyzed blood is given. Its special features consist of 
interference filters of narrow transmission band and of a 
small absorption cell which may be filled anaerobically. 
Furtliermore, it allows for a new, independent standard- 
ization in the measurement of blood oxj'gen saturation. 
For the mathematical treatment of tliis metliod, use is 
made of the characteristic quotient of two densities of a 
pigment, established by Lambert-Beer laws of absorp- 
tion. The formulas derived arc a simplification of 
‘Hufner's Quotient’; this simplification is obtained by 
determining one optiail density at an isobestic point 
for hemoglobin and oxyhemoglobin (503 millimicrons). 
An absolute metliod of calibration for o.xyhemoglobin is 
obtained by applying tliese formulas to the photo- 
electric readings. In addition, an empirical calibration 
was made bj’’ the use of the manometric Van Slyke 
analysis. Twenty-six oxygen saturation measurements 
by this method and simultaneous determinations by 
the Van Slyke analysis showed a mean difference of 
—0.94% ± a standard deviation of 2.2%. In tlie 
measurement of hemoglobin, tlie mean difference be- 
tween the photometric and the Van Slyke determina- 
tions of 23 samples, was —0.009 gm/ioo cc. ± a 
standard deviation of 0.25. In the interpretation of 
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these errors, the role played bj'’ white light, plasma 
turbidity and Van Slyke determinations is discussed. 

Some interrelationships between thyroid and gastric func- 
tion. E. S. N.asset and R. N. Watiian. Dept, of 

Physiology and Vital Economics, Univ. of Rochester 

School of Medicine and Dentistry, Rochester, N. Y. 

Guinea pigs develop perforated peptic ulcers and 
die in 1 35 ± 20 hours in response to daily injections of 
histamine (i mg/ioo gm. body weight/daj’-). Removal 
■of the thyroid glands shortens the survival time to 
56 ± 8 hours. Thiouracil treatment does not alter the 
normal survival time. The administration of thyroxine 
to the thyroidectomized animal fails to alter the survival 
time despite the fact that the oxygen consumption is 
restored to normal. Transplantation of the thyroid 
glands has no significant effect on normal survival time. 
It is concluded that the thyroid may influence both the 
secretion of gastric juice and the resistance of the 
gastric mucosa to erosion and that this influence is not 
dependent upon the presence of thyroxine or the normal 
anatomical connections of the gland. 

Heart rate — breathing rate ratio in birds and mammals. 

Eugene P. Odum. Univ. of Georgia, .Augusta. 

During the course of evolution from stem reptiles 
the development of the circulatory system in birds and 
mammals has been largely convergent, whereas the 
development of respiratory system in the two groups 
has been divergent, the ‘double draft, bellows’ 
system of birds being totally different from ‘blind 
sac, alveolar’ system of mammals. A comparative 
study of heart and breathing rates of a large number 
of species of small birds and mammals has' revealed 
two differences in the relation of breathing to heart 
rate which appear to be consistent and to reflect the 
different respiratory mechanics mentioned above, i) In 
birds, the heart rate decreases at or just before the 
peak of lung and air sac inflation, while in mammals 
acceleration occurs during inspiration. 2) Small birds 
and mammals of comparable size have approximately 
the same basal heart rate but birds breathe less rapidly 
and more deeply than mammals. In 6 species of birds 
of less than 150-gram body size the heart rate — 
breathing rate ratio varied from 9.1 — i to 6.9 — i, 
averaging 7.4 — i. In 6 species of small mammals of 
.comparable size the ratio varied from 3.7 — i to 
2 -S — I, averaging 2.9 — i. Measurements were made 
with the cardiovibrometer, heart and breathing move- 
ments being picked up indirectly by means of a piezo- 
electric crystal, thus making it possible to obtain true 
basal rates in wild as well as laboratory species. 

Relationship of mast-cells and heparin to foreign proteins. 

Norman S. Olsen and Ralph 0 . Smith*. Dept, of 
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Internal Medicine, Washington Univ. School of 
Medicine, St. Louis, Mo. 

In anaphylaxis, peptone shock and acute pneu- 
mococcal lymphadenitis in rats it has been noted that 
the metachromatic (heparin-containing) granules of 
the mast-cells become dispersed through the surround- 
ing tissues and that the mast-cells become irregular and 
pale staining. In exploring the cause of the ‘mast-cell 
reaction’ by the injection of various materials into the 
popliteal nodes of rats it was found that of the many 
substances tested, only foreign proteins, protamines, 
peptones, turpentine, methylcholanthrene and 2,4- 
dibenzanthracene elicited the reaction. None of the 
factors involved in blood coagulation caused any 
alteration in the nodal mast-cells. In vitro studies 
showed that when proteins causing a ‘mast-cell re- 
action’ were buffered to pn below their isoelectric point 
the addition of small amounts of heparin produced a 
precipitate which contained both the protein and he- 
parin. This in vitro precipitation was not found with 
compounds not eliciting a ‘mast-cell reaction.’ Vari- 
ations in the ^h of the reaction, concentration of heparin 
and foreign protein gave curves characteristic of 
antigen-antibody precipitin titrations. In addition, 
specific antibody to the foreign protein added to the 
washed heparin-protein precipitate caused agglutination 
of the particles. Thus, the presence of a ‘mast-cell 
reaction’ in the popliteal lymph nodes of rats and the 
in vitro precipitation by heparin of antigenic proteins 
but not of components of the coagulation mechanism, 
suggests that heparin, in addition to its participation in 
blood coagulation, may be intimately associated with 
the mechanisms of immunity. 

Excitability of the mammalian heart during the cardiac 
cycle: i. Excitability of the ventricle. Oscar Orias, 
Chandler McC. Brooks, Eustace E. Suckling, 
Jerome L. Gilbert and Arthur A. Siebens. 
Dept, of Physiology and Pharmacology, Long Island 
College of Medicine, Brooklyn, N. Y. 

Chlorided silver electrodes were applied to the surface 
of the exposed right ventricle of dogs under sodium 
pentobarbital. With the S.A. Node crushed, the heart 
was driven and its excitability tested with a double 
impulse electronic stimulator. The rate could be set 
at will from slightly above spontaneous nodal rhythm 
about 100) to 250 beats per minute. The second 
stimulus (square wave), triggered after a delay variable 
at w'ill following the driving stimulus, was employed to 
test the excitability. The duration of the testing 
stimulus could be changed from o.i to 13.0 milliseconds 
and its strength from 0.00 to 30.0 milliamperes. 
Strength-duration curves were obtained at definite 
intervals (within 5 msec, error) during the cardiac cycle. 
Rectal and chest temperature, blood pressure (mercury 
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manometer) and E.C.G. from standard limb leads were 
recorded. Forty-two successful experiments were per- 
formed in as many dogs. Long duration stimuli (13 
msec.) produced responses earlier in the cycle than 
short duration stimuli (o.i msec.). A very long latent 
period was characteristic of the earliest responses. 
Short cycles showed a shorter absolute refractory period 
than longer cycles. Following absolute refractoriness, 
excitability recovery is briefly interrupted by a period 
of relative inexcitability (‘dip’) which is particularly 
well defined for long-duration stimuli. A ‘supernormal 
phase’ was never seen. As concerns ventricular ex- 
citability, the dog’s cardiac cycle is thus divisible into 
absolute refractoriness, recovery (with the above men- 
tioned ‘dip’), and a maximum steady level. The shape 
of tlie strength-duration curves and the relationships 
between them indicate that chronaxic determinations 
would have been misleading. 

Enzymatic studies on renal tubular secretion of phenol red. 
Robert H. Painter*, Ethel L. Williams*, Virgil 

D. WlEBELHAUS*, S. E. McKiNNEV* AND KaRL H. 
Beyer. Dept, of Pharmacology, Medical Research 
Division, Sharp & Dohme, Inc., Glenolden, Pa. 

The in vitro method of Forster {Science 108; 65, 1948) 

has been modified and adapted to the study of phenol 
red secretion by the kidney of mammals as well as 
that of the frog. Within a systematic series of com- 
pounds it has been found that their ability to inhibit 
the tubular secretion of phenol red can be correlated 
with their structure and is independent of their inherent 
toxicity (mouse acute I.V. ldso). In the frog kidney, 
the molar ratio of carinamide/phenol red necessary to 
inhibit completely the secretion of the latter compound 
is 12.7s £^nd is relatively constant over a range in phenol 
red concentration of from 0.026 X lo”’ molar to 
0.265 X 10"® molar. Present evidence indicates that 
oxygen is necessary for the functional integrity of this 
mechanism. Its utilization apparently proceeds through 
pathways requiring oxidase, cyanide sensitive (ej'to- 
chrome) and dehydrogenase components. The ability 
of the cells to generate high energy phosphate com- 
pounds is essential for the maintenance of function of 
the transport mechanism involved in phenol red se- 
cretion. 

Further studies on modification of sensitivity to X-rays 
by cysteine. I. Time course of protection and comparison 
of certain related substances. H. M. Patt, D. E. Smith, 

E. B. Tyree* and R. L. Stratjbe*. Argonne National 
Laboratory, Chicago, 111 . 

Cysteine (950 mg./kg. neutralized, I.V.) greatly 
reduces sensitivity of rats to total body X-irradiation 
(800 r, 250 kv.) provided that the amino acid is given 
before the exposure. Comparable protection is obtained 


whether cysteine is administered intravenously imme- 
diately or I hour before irradiation (87% survival of 
79 cysteine irradiated; 16% survival of 82 irradiated 
controls). Injection immediately after exposure or 6 
or 24 hours before is without influence. Oral c^fstcinc 
(1900 mg./kg.) affords significant protection when 
given 30 to 60 minutes prior to X-irradiation. However, 
oral administration is not as efficient as intravenous. 
Cystine, unlike its reduced counterpart cj-stcine, is not 
effective by cither route. Glutatliione, on the otlier 
hand, can reduce X-ray toxicity but only when it is 
given intravenously before exposure. Oral glutathione 
does not protect rats or mice even though the oral dose 
is equivalent to the effective oral dose of cj-steine in 
sulfhydryl content. Methionine, ascorbic acid and 
sodium sulfide do not alter survl\*al after lethal X-irradi- 
ation. Results with colloidal sulfur are equivocal and 
further work is nccessarj-. These findings suggest first 
that the critical reactions leading to morbidity are 
complete when the irradiation is terminated and that 
these reactions arc apparently not reversible. Secondly, 
a sulfhydrj’l group distinguishes the substances which 
can protect from those which can not. It is important 
to bear in mind, however, that all sulfhydryl-containing 
materials may not necessarily protect and that other 
reducing substances whicli arc properly distributed, 
temporally and spatially, may. 

Effects of fever induced by bacterial pyrogen on cerebral 
circulation and oxygen consumption. John L. Patter- 
son, Jr., Albert Heyman and Fenwick T. Nichols, 
Jr. Depts. of Ph3'siology and Medicine, Emory Univ. 
School of ^ledicinc, .-litlanta, Ga. 

Patients with asymptomatic ncurosj'philis show only 
spinal fluid changes indicative of syphilis without other 
manifestations of the disease. Studies previously re- 
ported have shown that patients witli this disease have 
normal values for cerebral blood flow and oxj'gen con- 
sumption. In the present studies fever was produced 
in 16 such patients bj' means of the intravenous injec- 
tion of tjqjhoid vaccine. The cerebral blood flow was 
determined by the nitrous oxide technique in the 
afebrile state and during the flush phase of fever in 
the same patients. Cerebral oxygen consumption was 
obtained from tlie product of the blood flow and the 
arterial-internal jugular venous oxygen difference. Cere- 
bral vascular resistance was calculated by dividing the 
mean arterial pressure by the cerebral blood flow. The 
mean elevation of rectal temperature at the time of the 
determinations was 3.7'’F. The mean cerebral blood 
flow showed almost no change with fever. The cerebral 
vascular resistance during fever, however, showed a 
consistent and significant decrease which averaged 
25.4%. This decrease tended to be greater with subjects 
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showing higher values for vascular resistance with 
normal body temperature. The fall in cerebral vascular 
resistance was associated with a 24.4% fall in mean 
arterial pressure. The cerebral blood flow and oxygen 
consumption values of the patients taken as a group 
showed almost no correlation in the afebrile state. On 
the other hand they exhibited a high degree of correla- 
tion during the period of elevated body temperature. 

Total hepatectomy in the rat. Frances Pauls (introduced 
by Douglas R. Drury). Dept, of Physiology, 
Univ. of Southern California School of Medicine, Los 
Angeles. 

The extensive use of the rat for metabolic studies has 
long made a liverless preparation desirable. Total 
surgical removal of the liver from the rat without 
impairment of the visceral circulation has not been 
previously reported. A totally hepatectomized rat has 
now been prepared by a two stage operation. In the 
first operation, the portal vein and vena cava are 
constricted sufficiently to cause development of a 
collateral circulation. They must not be so constricted 
as to cause engorgement of the intestinal circulation. 
It is necessary to place the constricting ligatures in 
such a way that the mesentery and peritoneum protect 
the liver lobes from adhering to torn tissue or to the 
ligature material. If a loo-gram rat is used for the 
first operation, by the time he has doubled his weight 
the collateral circulation will be established. During 
the second operation all lobes of the liver are removed 
along with the section of vena cava adherent to the 
right hepatic lobe. Rats which have been totally 
hepatectomized live as long as 27 hours when given 
adequate injections of glucose. They are active for 
several hours, but become comatose before death. 

Pressure pulses and pulse wave velocities in aorta and 
large vessels of man as determined by direct methods. 
L. H. Peterson, T. G. Schnable, H. F. Fitzpatrick 
AND H. C. Bazett. Dept, of Physiology, Univ. of 
Pennsylvania, Philadelphia. 

Small (O.D., 0.9 mm.) flexible, radiopaque plastic 
catheters of 70 cm. length were inserted through 19 gm. 
needles into the brachial and femoral arteries of man. 
Each was then passed into the aorta. The position of 
the catheters was determined by X-ray and checked 
with topography. The catheter, capacitance manometer, 
recording S5^tem possessed adequate frequency charac- 
teristics (over 70 c.p.s. overdamped). The catheters 
were then withdrawn in 5 or 10 cm. segments. Pressure 
pulses and the time difference between pulses of the 
same origin were observed for apparent pulse wave 
velocity (PWV) and wave contour. Four such experi- 
ments were performed on 3 subjects, ages 26, 33, 64. 
In all cases there was a net increase in the apparent 


PWV as the pulse is propagated toward the periphery. 
In no case, however, was this acceleration constant. 
In fact the wave apparently accelerates and decelerates 
in various portions of both the aorta and the arterial 
vessels leading to the brachial. In the younger subjects, 
possessing greater elasticity, these changes in PWV 
are accompanied by changes in the contour of the pulse. 
In the older subject the contour remained quite constant 
throughout the entire length of vessel. The older 
vessels are tortuous and topographic distances differ 
from vessel lengths. Various possibilities of the effects 
of elasticity and tortuosity of vessels are discussed. 

Air flow velocity studies in interpretation of ventilatory 
reserve. Donald F. Proctor*. Dept, of Otolaryn- 
gology, Johns Hopkins Medical School, Balti- 
more Md. 

Study of the pneumotachogram during quiet breath- 
ing and maximum effort throws some light on the factors 
limiting ventilatory reserve. Pneumotachographic stud- 
ies demonstrate that normal individuals are able to 
reach peak flow velocities in a little over 0.2 second on 
inspiration and about o.i second on expiration. About 
o.i second is needed for the respiratory apparatus to 
reverse the direction of air flow. Added resistance of 
0.5 cm. HiO/liter/minute flow results in a 70% re- 
duction in maximum breathing capacity: 0.087 cm. of 
HzO/liter/minute flow causes peak flow velocities, 60% 
of those with a resistance of 0.013 cm. H20/liter/minute 
flow. Studies in patients with pulmonary disease with 
decreased ventilatory reserve frequently show inability 
to reach high flow velocities. The patterns of flow during 
maximum effort are abnormal. 

Effects of environmental heat stress and exercise on renal 
blood flow and filtration rate. Leo R. Radigan and 
Sld Robinson. Dept, of Physiology, Indiana Univ., 
Bloomington. 

Renal plasma flow and glomerular filtration rate 
were determined on 5 normal male subjects at rest and 
during moderate exercise on the treadmill (3 m.p.h. up 
a 5% grade) in both a cool (2i°C.) and a hot environ- 
ment (so°C.). Sodium para-aminohippurate and man- 
nitol respectively were used for the determination. In 
the cool environment the mean renal plasma, flow of the 
resting men was 695 cc/minute and it dropped 42% 
during exercise in the same environment. At rest in the 
hot environment the mean renal plasma flow was 426 
cc/minute. Exercise in the heat caused a decrease of 
36% from the resting level. In the cool environment the 
glomerular filtration rate of the men at rest averaged 108 
cc/minute and exercise in the environment did not 
significantly alter it. In the heat the average filtration 
rate of the resting subjects fell to 84 cc/minute and 
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•when they exercised there was a further decrease to 
70 cc/minute. 

Effect of stretch upon action potential of voluntary 
muscle. H. J. Ralston, E. W. Wright*, B. Fein- 
STEiN* AND V. T. Inman*. College of Physicians and 
Surgeons of San Francisco and Univ. of California 
Medical School, San Francisco. 

Several investigators have described an increase in 
the amplitude of the action potential of frog voluntary!’ 
muscle when the muscle is stretched. Forbes, Ray and 
Hopkins {Am. J. Physiol. 65: 300, 1923) obscr\’ed the 
effect in the frog gastrocnemius but not in the sartorius, 
and attempted to explain the discrepancy upon the 
basis of the geometrical arrangement of the fibers in the 
gastrocnemius. Fulton {Proc. R.S. s. B. 97: 406, 1925) 
observed the effect, however, in both the gastrocnemius 
and sartorius, and concluded that there is an intimate 
relationship between electrical response and tension. 
The present investigators show that the contradiction 
in the results with the sartorius was due to the fact 
that the muscle was stimulated directly in one case, and 
indirectly in the other. Explanation of the effect is 
provided by the direct observation that more fibers of 
the sartorius contract upon stretch when the muscle is 
being stimulated directly by single subma.ximal stimuli. 
It is also shown that an increase in the amplitude of 
the action potential occurs in an unstretched muscle 
during indirect tetanic stimulation, but not in a 
stretched muscle. This effect is due to the participation 
of more muscle fibers as developed tension increases. 
Certain possible implications of the preceding results 
for normal muscle contraction are discussed. 

Mechanism of muscular fatigue in adrenalectomizcd 
animals. E. Ramey, M. S. Goldstein and Rachmiel 
Levine. Dept, of Metabolic and Endocrine Re- 
search, Medical Research Institute, Michael Reese 
Hospital, Chicago, 111 . 

It is well known that adrenalectomized animals ex- 
hibit rapid fatigability on effort of the skeletal mus- 
culature. The causes of this fatigue may lie in disturbed 
function or metabolism of the muscle itself, the neuro- 
muscular apparatus, or in the proper environment 
necessary for continued muscular work (e.g. adjustment 
of circulation etc.). We should hke to report some 
experiments designed to narrow the above possibilities 
in order to make it possible to study the more intimate 
mechanisms of this fatigue and its relief by the C-ii 
oxysteroids. When adrenalectomized rats, maintained 
in good health by saline, were subjected to a swimming 
test, they!^ showed general and muscular collapse within 
10 to 20 minutes. Normal controls swam for at least 3 
hours. Muscle strips (diaphragm and abdominal wall) 


taken from similarly treated adrenalectomized rats 
were stimulated electrically while immersed in an 
o.xygenatcd nutrient solution (inductorium at the rate 
of 6/min.). In contrast to the fatigue exhibited in vivo, 
such muscles showed the same capacity and durability 
as did control strips taken from normal rats. The Jack 
of abnormal fatigue in vitro was shown even by muscle 
strips removed from adrenalectomized animals in a 
state of c.xhaustion after swimming. It appears, there- 
fore, that the causes of the rapid fatigability of adren- 
alectomized animals should be looked for in the en- 
vironmental factors supporting muscular work such as 
circulatory and/or neurologioil adjustments, rather 
than in any intrinsic dy.sfunction of the muscle cell. 

A theory of the formation of II Cl hy the stomach. Warren 
S. Reum. Dept, of Phy^siologj', Univ, of Louisville 
School of Medicine, Louisville, Ky. 

In previously reported experiments it has been found 
(Am. J. Physiol. 144: 115, 1945) tliat the production of 
H’*’ can be controlled in the secreting stomach by the 
application of electric current across the stomach. 
When current is sent from serosa to mucosa H'^ produc- 
tion is increased and when sent in the opposite direction 
H'*' production is decreased. /Vnaly'sis of these data reveals 
that the production of H"*" can be increased by the 
application of less electrical energy, capable of doing 
useful work, than the minimum amount necessary to 
produce the increased HCl when this is calculated as 
the minimum amount necessary^ to separate an isotonic 
HCl solution from a solution of the same ionic compo- 
sition as that of plasma. Assuming that the flow of 
electric current controls the H"*" production by a process 
basically similar to the formation of H"*" at a metal- 
solution junction, then the EMF’s of the stomach 
would have to deliver a given amount of current for the 
production of a given number of H"*". Evidence indi- 
cates that the EMF’s of the stomach can deliver this 
amount of current. Primarily on the basis of these 
findings a theory of HCl formation has been formulated, 
according to which the EMF’s of the mucosa send 
electric current across the canalicular border of the 
parietal cells in the direction of the canalicuh', and this 
flow of current in the presence of a gastric stimulant 
results in H"*" secretion. The return flow of current is 
responsible for the transport of the Cl~ 

Release of gastrin in response to bathing pyloric mucosa 
with acetylcholine solution. C. R. Robertson, 
Clement Martin, George Slezak and hi. L 
Grossman. Dept, of Clinical Science, Univ. of 
Illinois College of Medicine, Chicago. 
Parasympathomimetic drugs are well known stimu- 
lants of gastric secretion but the mechanism of their 
action is not known. There are at least three possi- 
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bill ties; a) direct stimulation of the parietal cell, 
b) release of gastrin which in turn stimulates the parietal 
cell and c) potentiation of other stimulants. In the 
present study, perfusion of 0.5% solution of acetyl- 
choline tlirough isolated pyloric pouches of dogs caused 
an acid response in the fundic pouch. Pepsin secretion 
was not stimulated. WTien a similar amount of 
acetylcholine was administered orallj*, subcutaneously, 
rectally, or perfused in the fundic pouch, gastric acid 
or pepsin secretions were not stimulated. Because a) tlie 
juice did not have high pepsin content characteristic 
of parasjnnpathomimetic stimulation, and b) other 
routes of administration of acetylcholine did not cause 
acid secretion, we conclude that acetylcholine stimu- 
lates gastric secretion by releasing gastrin from the 
pyloric mucosa. Nicotine in the pyloric pouch did not 
stimulate secretion which indicates that acetylcholine 
acts by its muscarinic action. Since direct perfusion in 
the fundic pouch or intraarterial injections or acetyl- 
choline (Morton and Stavraky, 1949) do not stimulate 
secretion, this rules out the possibility of direct parietal 
cell stimulation by acetylcholine. This does not alter 
the possibility that acetylcholine acts directly on the 
parietal cell to potentiate histamine (Robertson and 
Grossman, 1948). 

Some factors affecting salt exchange of men exposed to 

heat. Sro Robinson. Dept, of Physiology, Indiana 

Univ., Bloomington. 

Men, unacclimatized to heat, were exposed to daily 
work in a hot environment (5o°C. with 18% humidity). 
Data on their salt exchange confirm previous reports 
that unacclimatized men performing daily work in the 
heat and sweating large volumes undergo a rapid 
reduction in urinarj-^ chloride output and may show a 
more gradual decrease in the concentration of chloride 
in the sweat. Results of this study indicate that the 
reduction of sweat chloride under these circumstances 
depends upon the development of a salt deficit by the 
subjects during the first days of exposure, i) The 
reduction occurred gradually in 3 to 6 days when 4 to 7 
liters of sweat were secreted daily by unacclimatized 
men consuming 50 to 170 mEq. of NaCl per day. In 
these cases the output of salt in the sweat during the 
first 2 or 3 daj^ exceeded the intake and a chloride 
■deficit was developed. 2) The reduction did not occur 
when men consuming 170 mEq. of NaCl per day were 
exposed to the same stress for shorter periods (two 
hours or less) so that the total chloride output in the 
sweat was considerably lower than the intake. 3) The 
response was reversed by raising the salt intake to 
exceed the output of men who, in daily exposures to 
heat, had previously reduced the chloride concen- 
tration in their sweat to low levels following the develop- 


ment of a salt deficit. The sweat chloride began to rise 
in these men on the third day after the intake was 
increased even though the same exposures were con- 
tinued and their daily sweat output remained the same. 
The rise occurred in spite of improved temperature 
regulation and lower body temperature. 

Effects of pyruvic acid on oxygen consumption of rat liver 
homogenate. True W. Robinson. Yellow Springs, 
Ohio. 

In previous work using the Warburg technic to study 
the respiration of various tissues, particularly mouse 
sarcoma, it was found that small concentrations of 
indole acetic acid stimulated o.xygen consumption of 
the sarcoma and large concentrations inhibited it. It 
was of interest therefore to determine if a normal 
cellular substrate like pyruvic acid would also inhibit 
in large concentrations. If so, this would throw some 
light on the behavior of cellular metabolism under low 
oxygen tensions. The oxygen consumption of rat liver 
suspension obtained from the Potter homogenizer 
decreases rapidly both in control and experimental 
vessels. This decrease is exponential and a logarithmic 
plot of the oxygen quotient against time results in a 
straight line over most of the range. However, since the 
first portion is curved it can be determined that the 
oxygen consumption is controlled by at least two 
factors. The first controls the major component of the 
oxygen utilization but its effect has largely disappeared 
after one hour. Since the rate of oxygen consumption 
decaja exponentially with time the mean life or time 
constant can be obtained. By means of the time constant 
a true comparison can be made between the rates of 
oxygen consumption of control and experimental 
vessels. Using tliis technic it was determined that the 
oxygen consumption was increased by pyruvic acid 
concentrations of about io~^ molar and inhibited by 
these greater than io~- molar. Thus it may be possible 
that high concentrations of pj’-ruvic acid accumulating 
in the cell may act autocatalytically to inhibit oxygen 
consumption. 

Mechanism of pressor response to increased intracranial 
pressure. Simon Rodb,\ed. Cardiovascular Dept., 
Medical Research Institute, Michael Reese Hospital, 
Chicago, 111 . 

The pressor response to increased intracranial pres- 
sure has been attributed to an anemia, anoxia or 
asphjoaa of the brain resulting from the increased 
resistance of flow of blood into the cranium. We 
have carried out experiments which show that the 
pressor response appears to depend on other mecha- 
nisms. Thus, severe anoxia produced by 100% nitrogen 
breathing or asphyxia produced by clamping the trachea 
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produce only a limited increase in blood pressure. 
During tlie pressor response to asphyxia an increase in 
intracranial pressure produces a new and much greater 
rise in blood pressure. In the chick the blood pressure 
response is almost exactly equal to the increase in 
intracranial pressure even though the control blood 
pressure is not even approached. The rate of blood 
pressure rise is a function of the degree of the intra- 
cranial pressure stimulus. Momentary increases in 
intracranial pressure produce an increase in blood 
pressure equivalent to the stimulus. Cocainization of the 
brain surface blocks the response to increased intra- 
cranial pressure but docs not inhibit the response to 
asphyxia. The production of a negative intracranial 
pressure results in a fall in blood pressure. These 
data can be explained by assuming the presence of an 
intracranial baroceptor similar to that of the carotid 
sinus. By virtue of its position, such an intracranial 
baroceptor could act as a differential manometer 
registering the difference between the intravascular and 
the intracranial pressures. When this difference de- 
creases, vasoconstriction ensues. When tlie difference 
is increased, as occurs with decreased intracranial 
pressure, the vasomotor center is stimulated to produce 
a vasodilation. 

Growth of organs in relation to vitamin A deficiency. 
SiELios C. Samaeas, Nicholas Dietz, Jr. and Dan- 
iel J. Hingerty (introduced by Charles M. Wil- 
HELMj). Dept, of Biological Chemistry and Nutrition, 
Creighton Univ. School of Medicine, Omaha, Nebr. 
The interrelationships between vitamins and hor- 
mones, and their effects on growth are as yet insuf- 
ficiently understood; much further work is desirable 
for a more complete understanding of factors influenc- 
ing normal and pathological growth. To study the role 
of vitamin A in organ growth, the following investiga- 
tions were carried out, using 150 male albino rats under 
normal feeding conditions and after varying periods of 
vitamin A deprivation. The ratio of organ weight to 
body weight was determined for a number of groups 
of normal and deficient animals, ranging in age from 
4-14 weeks; the influence of carotene administration 
on weight changes was also studied. 

From the results it appears that all organs are not 
affected equally by the lack of the vitamin; of the 
organs studied (liver, lung, spleen, heart, kidney, testis, 
thyroid) the greatest effects on growth retardation 
were noted in the liver and testis. Liver weights of 
control animals, 7, ii, and 14 weeks old, (expressed as 
percentage of total body weight) were 4.7, 3.9, 3.9, 
respectively; the percentages for deficient animals of 
corresponding ages but maintained on vitamin A- 
deficient diet from the age of 4 weeks were 3.9, 2.9, 


2.8. In tlie control animals Uie corresponding percent- 
ages for the testis were 1.27, 1.15, 1.33; in the deficient 
animals tlie percentages were 1.33, 0.92, 0.99. Oral 
administration of carotene in tlie early stages of the 
deficiency was effective in producing an acceleration 
of growth in Uicse organs so that tliey approached the 
normal values for tlie age group. 

Vitamin A metabolism in normal and deficient rats. 
StELIOS C. SA?.t\RAS AND DANIEL J. HiNGERTY 
(introduced by Charles M. Wilhelhj). Dept. 
Biological Chemistry and Nutrition, Creighton Univ. 
School of Medicine, Omaha, Nebr. 

To determine the rat’s ability to utilize carotene 
when in various stages of vitamin A dcficicnc\', 10 of 
40 male white rats, 4 weeks old, were fed the regular 
Purina diet; the remainder were maintained for various 
periods (4 to 10 weeks) on a vitamin A-deficient diet, 
after which they received orally a single dose (400 
U.S.P. units) of carotene. The normally fed animals 
steadily built up vitamin A stores in liver with no 
accumulation of carotene and when 12-14 weeks old 
had; carotene: liver 2.3 ;ig/gm., intestine 3.5, lung 
3.1; vitamin A: liver S3.1, intestine 1.5, lung 1.8. 
Rats 4 weeks deficient with liver vitamin A stores (as 
indicated bj' control analj'scs) less tlian i /ig/gra., 
but no symptoms other than weight loss showed an 
immediate return to normal after carotene with ap- 
preciable storage of vitamin A one week later (caro- 
tene: liver 3.8 pg/gm., intestine 2.1, lung 2.0; \atamin A: 
liver 9.1, intestine 1.2, lung 0.9). Rats with more ad- 
vanced deficiency and mild e\'c symptoms also showed 
striking amelioration lasting 2-5 weeks, after which 
they again began to show symptoms and on autopsy 
had no measurable quantity of vitamin A in any organ. 
Very severely deficient rats with marked hemorrhagic 
conjuctivitis were unable to utilize carotene, dying 
shortly after its administration, despite tlie presence of 
appreciable carotene quantities in liver (8.1 pg/gm.), 
intestine (12.6), and lung (7.3). The animals apparently 
first develop reversible biochemical and functional 
derangements followed later by irreversible histological 
alterations impairing carotene utilization. 

Carotene conversion in rats: role of reticulo endothelial 
system (RES). Steuos C. Samaras and Daniel J. 
Hingerty (introduced by Charles M. Wilhelmj). 
Dept, of Biological Chemistry and Nutrition, Creigh- 
ton Univ. School of Medicine, Omaha, Neb. 

The common role of the RES and vitamin A in com- 
bating infection suggested the following investigation. 
Forty-four male white rats, 4 weeks old, were divided 
into tw'O groups, one group deprived of vitamin A 
until liver stores were decreased to less than i pg/giR-j 
the remainder receiving a normal diet for the same 



December ip4g 


ABSTRACTS OF PAPERS 


period. Half of the animals in each group were injected 
intraperitoneally with 2 cc. 2% tr5rpanblue in saline; 
18 hours later, all the animals received orally 0.1 cc. 
of carotene concentrate (670 U.S.P. units). The animals 
were killed after 2, 4 and 24 hours and carotene and 
vitamin A contents of liver, intestine and lung estimated 
by spectrophotometric methods. After carotene ad- 
ministration liver vitamin A stores increased by the 
following average amounts: normal rats uninjected 9 
/[ig/gm., injected: 30 ng/gva.; deficient rats uninjected: 
2.1 pg/gm.; injected 0.9 pg/gm. Conclusions: z) Caro- 
tene conversion takes place within 2 hours of its 
administration; 2) the ability of the vitamin A-de- 
ficient rat to convert carotene is markedly diminished; 
3) injection of trypanblue increased the ability of the 
normal rat to convert carotene given 18 hours later but 
in the deficient rat it retards the conversion. Appar- 
ently, the trypanblue stimulated the RES' in tlie normal 
animals, whereas in the deficient animals, whose resist- 
ance was already decreased, the RES was further 
deteriorated causing further depletion of the already 
deficient organism. 

Electrical vieasttremenfs on squid- giant axon by complex 
atlenmtion method. Otto H. Schmitt, Peter A. 
Stewart and Viola E. Schmitt. Depts, of Zoology 
and Physics, Univ. of Minnesota, Minneapolis. 

It is possible to show on simple tlieoretical grounds 
that a sinusoidal stimulus applied to a nerve between 
two ringlet electrodes should produce a signal in the 
extrapolar regions which decays in amplitude ex- 
ponentially and which changes in phase linearly with 
distance. It is further possible to show that these two 
attenuation constants contain all the data needed 
beside longitudinal nerve resistances to determine 
quantitatively at each test frequency the characteristic 
impedance, membrane conductance, membrane sus- 
ceptance, and phase velocity of propagation along the 
nerve. These predictions are extremely well borne out 
by experiment and permit verification of previous 
measurements. Considerable new information also is 
emerging regarding the effects of drugs and ions. For 
squid nerve a membrane capacitance of 1-1.5 mfd/cm.* 
is uniformly found at 500—1000 c.p.s. Conductance for 
normal nerve in the 200 c.p.s. region is about i mil- 
hhom/cm.^ but in the mid-frequency region around 500 
c.p.s. total conductance of the membrane drops to 
near zero and may even dip into the negative region 
under the influence of calcium. A strong reactive 
component in the 75-300 c.p.s. region is found which is 
very sensitive to drugs and which can be pushed far 
into the positive susceptance region, especially by 
calcium and veratrine. It is also possible to demonstrate 
progressive changes in the membrane and response to 
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drugs long after the nerve has ceased to respond and 
after conductivity of the membrane has increased 
many-fold. Because the method is not limited to single 
fiber preparations and does not require giant axons, it is 
foreseen as a valuable means for determining electrical 
characteristics of nerve preparations unsuitable for 
single fiber study and its extension to muscle experi- 
mentation seems feasible. An electronic-mechanical 
computer which gathers the necessary impedance data 
quickly and reduces it to graphical form immediately 
has been built and has greatly facilitated this work. 

Impedance of vertebrate nerve fibers before and during 
passage of an impulse. Gordon M. Schoepfle and 
Noah Susman*. Dept, of Physiology, Washington 
Univ. School of Medicine, St. Louis, Mo. 

Direct current threshold stimuli of various durations 
were applied to axone bundles or to whole frog sciatic 
nerve minus perineural sheath. In such structurally 
simplified systems threshold is attained when the 
electrotonic potential at the cathode reaches a critical 
value regardless of its time rate of change. Dichotomous 
splitting of the nerve, or even removal of the sheath 
alone, endows the system with properties that more 
nearly approach those of an ideal situation in which a 
single fiber is surrounded by a very thin fluid film. The 
mathematics of cable theory then predicts that mem- 
brane voltage must attain a critical value over a small 
region in order to fire off the fiber. The membrane 
resistance in fibers prior to excitation appears to be un- 
affected by airrents of rheobasic magnitude. The 
linearity of the system finds further confirmation in the 
observation tliat changes in single fiber spike height are 
proportional to applied steady state polarizing voltage. 
A decline of electrotonic potential during activity is 
indicative of the predicted fall in membrane resistance 
at this time. Hence it is logical to conclude that change 
in spike height during anodal or cathodal polarization 
merely involves a transient shift in the steady state 
or drop across the membrane due to the fall in resistance 
alone and not alterations in the distribution of electro- 
motive forces giving rise to the action potential proper. 

Mechanism for reiial clearance of sodium in the dog: 
effect of decreased and increased load on reabsorptive 
mechanism. Ewald E. Selkurt and Robert S. 
Post*. Dept, of Physiology, Western Reserve Univ. 
Medical School, Cleveland, Ohio. 

Previous investigation has revealed that as sodium 
load to the tubular reabsorptive mechanism is de- 
creased by reduction in glomerular filtration, reabsorp- 
tion becomes complete and excretion diminishes to the 
vanishing point. This has been confirmed by additional 
experiments. The apparent dependence of tubular re- 
absorption on load prompted investigation of the effects 
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of increased loads by rapid infusion of 5% NaCl. In 
all cases, marked excretion of sodium followed as the 
reabsorjrlivc mechanism became saturated. In some 
animals, the amount reabsorbed appeared to reach a 
constant, limiting value (range, 6.3 to 12.5 mxi/min.), 
but in others the amount reabsorbed continued to 
increase gradually as load was further increased. 
When load was increased by infusion of isotonic saline 
(2.0 to 3.85 1. total), a similar marked increase in 
excretion of sodium was noted. Increased load here 
resulted from increase in filtration rate. Even though 
the efficiency of reabsorption was impaired, the rela- 
tionship of realisorption to load alwaj'S showed an 
increasing slope. Constant plasma sodium in this 
series ruled out the possibility that increased secretion 
of ADH had modified the reabsorptive mechanism, and 
strongly suggested that the tubular mechanism for 
reabsorption of sodium is limited to tlie extent that tlie 
kinetics of reabsorption are impaired as excessive loads 
are delivered to the tubular cells. 

Plasma exchange rate and volume of dislribitlion of radio- 

sulfate. Guy C. SiiEATz* and Walter S. Wilde. 

Dept, of Physiology, Tulane Univ. School of Medi- 
cine, New Orleans, La. 

By diffusion, in contrast to filtration, the large 
hydrated sulfate ion should cross a capiliarj' membrane 
more slowly than sodium. To test this we construct 
plasma concentration-time curves after instantaneous 
intravenous injection of Na-24 and S-35 laliellcd sulfate 
into rats. Of the 8-35 counts added to plasma, 93.7 ± 
7.5% is recovered as benzidine sulfate with carrier. 
In contrast to earlier chemical studies tracer sulfate 
moves instantly into erytlirocytes slightly exceeding 
the chloride ratio even early in the time course of the 
plasma curve. We fit an exponential equation which 
describes the exchange of blood sulfate from corpusclcs- 
plasma, as a common pool, across the capillaries. Each 
minute o.ii of the blood sulfate exchanges. This is 
0.15 of plasma sulfate, whereas the plasma turnover 
for sodium is 0.17. The similarity of the latter argues 
for a filtration transfer mechanism. Our radiosulfate 
space for muscle works out to be 12%, as for chloride, 
but smaller than for Na-24. This does not fit a pore 
size limitation theory for anions. An intracellular phase 
in liver for sulfate is indicated by a space of 33.7%, as 
compared to 18.4 for Na-24 and 20.0 for chemical 
chloride. Sulfate space for the entire rat of 39-9% 
became 34.2 when corrected for urine tracer and for 
plasma recover}' loss. Na-24 space is 25.4%. The 
exchange into bone, cartilage, mucoprotein, etc., must 
account for the apparent failure of radio-sulfate to 
represent a strictly extracellular pool. 


Sodium and potassium exchange behveen cells and plasma 
of mammalian blood. C. W. Sheppard and W. R. 
Martin. Biolog}' Division, Oak Ridge National 
Laborator}', Oak Ridge, Tcnn. 

Studies of cation exchange by the isotope method 
{Federation Proc. 8: 145, 1949) have been extended to 
include potassium and sodium exchange in erythrocytes 
of man, sheep, cow, and dog. The following exchange 
rates were obtained: 

K r.x- Na ex- 

CnAi.’Cn CHANGE 

RATE IN RATE IN 


CELL. CELL- 
ULAR OLAR 

SRECIES CELLULAR CO.NC. K/BR. Xa/HR. 

trtmol./l. 

K Na 

Man 91 II 1.8 13.6 

Cow 2S 70 3.8 16 

Sheep ij S2 2.0 ~s 

Dog S-S V06 1.0 12.7 


The potassium c.xchangc rate for canine cells is corrected 
for processes of c.xchange with the white cell fraction 
{Biol. Bull. 95: 287, 1948). Although the cells with a 
high concentration of a cation tend to c.xchangc that 
ion rapidly and low cellular concentration is associated 
with a correspondingly low exchange rate, a general 
rule cannot be established without further investiga- 
tion. Determinations of potassium c.xchange in human 
blood at different temperatures gave a Qjo of 2.35. The 
rate of loss exceeds the rate of uptake below i5°C. 
Studies were also made of exchange in human blood in 
which potassium ions were substituted for part of the 
sodium in the plasma. Increasing the potassium concen- 
tration to as much as four times normal has no signifi- 
cant effect on the potassium cxdiange rate. The results 
are suggestive of processes controlled more by intrinsic 
cellular factors ratlier than by strictly ph}'sical transport 
phenomena. 

Acute changes in blood flow through the coronary circuit 

following retrograde perfusion of coronary sinus. R. E. 

Shipley and R. S. Study*. Lilly Laborator}' for 

Clinical Research, General Hospital, Indianapolis, 

Ind. 

The recently proposed operation for arterialization 
of the coronar}' sinus has been reported to be effective 
in preventing or reducing infarction following occlusion 
of a main coronary branch (Roberts, Beck, Stenstrom). 
Although it has been presumed tliat the operation 
increases the flow' of ox}’genated blood through the 
myocardium, no direct flow studies have been reported 
to substantiate this belief. In 7 dog experiments left 
coronar}' inflow and coronar}' sinus outflow’ were 
measured with optically recording rotameters along 
with the arterial blood pressure. Autoperfusion of the 
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coronary sinus with arterial blood (at the dog’s existing 
BP) consistently caused a moderate to marked fall in 
left coronary inflow and BP. In all experiments the 
procedure caused greater reductions of coronary inflow 
and BP than those resulting from occlusion of the 
coronary sinus. Even when blood was allowed to flow 
from the left coronary artery during perfusion of the 
coronary sinus, myocardial blood flow was not adequate 
for the maintenance of the blood pressure. These 
findings indicate that if arterialization of the coronary 
sinus protects the heart against subsequent coronarj'- 
occlusion, such protection is not attributable to an 
immediately augmented flow of blood to the myo- 
cardium, but occurs in spite of an initially decreased 
blood flow. The mechanism by which the operation 
prevents or reduces infarction was not determined and 
deserves further investigation. 

Effect of intragaslric feeding on vohmlary food iiiiakel 
George C. Slezak* and M. I. Grossman. Dept, of 
Clinical Science, Univ. of Illinois College of Med- 
icine, Chicago. 

Two dogs provided with simple gastric fistulas were 
standardized by allowing them to feed ad libitum for 
45 minutes at the same hour each day. When the 
voluntary intake remained constant for at least 2 
weeks, intragastric feeding was initiated. Measured 
amounts of the same food as was used in the ad libitum 
feeding were introduced daily through the gastric 
fistula from 6 to 20 hours before the ad libitum feeding. 
Intragastric feedings equivalent to 30%, 50% and 125% 
of the control level of voluntary intake were performed 
and continued for periods of one to 5 weeks. The 
intragastric feeding of 30% of the control level of 
voluntary intake produced no sustained drop in volun- 
tary intake or significant change in body weight. The 
intragastric feedings of 50% and 125% produced no 
significant change in body weight but were compensated 
for by a proportionate drop in voluntary food intake. 
Daily intragastric feedings of 50% produced after 3 
■weeks a 50% reduction in voluntary food intake. 
Daily intragastric feedings of 125% produced after one 
week an 80% reduction in voluntary food intake. In 
all cases no drop in voluntary food intake appeared 
until after the second day of intragastric feeding. This 
would indicate that there must be a certain degree of 
storage of the added nourishment before the adjustment 
mechanism is put into action. Since oral, gastric and 
intestinal factors can be shown not to operate under the 
conditions of these experiments, the existence of tissue 
repletion factors in regulating food intake is indicated. 

Modification of setisitivity to X-rays by cysteine. II. X-ray 
cysteine dosage relationships. D. E. M. 


Patt, E. B. Tyree* and R. L. Straube*. Argonne 
National Laboratory, Chicago, 111 . 

The purpose of this work was to determine the quan- 
titative aspects of the protective action of cysteine 
against X-irradiation. Sprague-Dawley rats were in- 
jected with neutralized cysteine (dosage range 350 to 
950 mg/kg.) immediately before total-body irradiation 
with 250 kv. X-rays (dosage range 600-1600 r). Animals 
were irradiated in pairs, one rat having been injected 
via the tail vein with cj'steine and the other vith an 
equivalent volume of a 5% NaCI solution. Survival 
at 30 days post-irradiation was the criterion for cj'^steine 
protection. At an X-ray dosage of 800 r (killing an 
average of 80% of the controls) and cysteine dosages of 
350, 475, 575, S75 and 950 mg/kg. the protection 
afforded by cysteine was roughly proportional to the 
dosage. Experiments employing cysteine dosages of 
475 or 950 mg/kg. and irradiations of 600, 700, 800, 
1000, 1200, 1400 and 1600 r revealed: i) Above 800 r 
cysteine protection decreased as the amount of irradi- 
ation was increased, 2) above 800 r the higher cysteine 
dosage afforded 13 to 20% greater protection than the 
lower one; 3) 2.9 to 4.75 mg/kg. of cysteine were re- 
quired to protect against each r above the just sublethal 
dosage; 4) the LDm X-ray dosage was raised from 725 r 
for the controls to about 1060 r and 1220 r by the low 
and high cysteine dosages respectively. 

Further observations on local action of epinephrine on 
human sweat glands. R. R. Sonnenschein, Henry 
Kobrin and M. I. Grossman. Dept, of Clinical 
Science, Univ. of Illinois College of Medidne, 
Chicago. 

Intradermal injection into the forearm of 0.05 or o.i 
cc. epinephrine-HCl, i : 1000 to i : 1,000,000, produced a 
definite local sweat response in 26 of 34 normal subjects, 
tested by Randall’s iodine-starch paper method. Similar 
effects were produced by neosynephrine and arterenol. 
No sexual or radal differences were apparent. The 
response commenced within 2 minutes after injection 
and lasted up to 2 hours; it closely approximated the 
area of vasoconstriction. In 12 subjects, injection into 
the palm failed to cause sweating, except in one case. 
Preliminary intradermal injection of atropine 1:10,000 
or 1:100,000, or TEA r:ioo had no effect on the 
epinephrine response; dibenamine and ergotamine 
caused marked inhibition; procaine 1:100 caused slight 
to marked inhibition. In several subjects who ■were 
sweating spontaneously, after the initial stimulation by 
epinephrine, the local area failed to manifest spontane- 
ous activity for one to more than 24 hours. Sweating 
caused by epinephrine is not secondary to vasocon- 
striction because 1) in 3 experiments, ischemia from 
arterial tourniquet caused only a gradual decrease ia 
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spontaneous sweating; 2) in 8 experiments, after a 
passive hyperemia had been produced by a venous 
tourniquet, epinephrine caused only a minimal vaso- 
constriction, but the sweat response was unaltered. 
No conclusion can yet be dravm as to the phj'siological 
significance of these findings. 

Effects of renal arlery-ncnic slimtdalion on renal blood 
flow measured directly, and by clearance and ex- 
traction of diodrast. R. S. Study* and R. E. Siupi-ey. 
Lilly Laboratorj' for Clinical Research, General 
Hospital, Indianapolis, Ind. 

A study has been made in dogs comparing the dircctl)' 
measured renal venous blood flow (measured with a 
rotameter) witli renal blood flow as calculated by Uie 
clearance and extraction percentage of diodrast. The 
direct and calculated renal blood flow values checked 
closely only during the control periods and onij’ if tlie 
absolute amount of diodrast removed from sj'stemic 
plasma was used in calculating the blood flow (in- 
direct). During renal artery-nerve stimulation, with low 
frequency alternating current tlie directly measured 
renal blood flow and urine flow decreased. The calcu- 
lated renal blood flow decreased much more than the 
actual renal blood flow because urine flow decreased 
markedly and most of the diodrast which had been 
filtered and secreted during the stimulation period 
had not yet readied the renal pelvis where it would be 
obtainable for analysis. The direct and calculated blood 
flows approximated each other after one or two periods 
of recovery when the diodrast which was filtered and 
secreted during the period of stimulation was washed 
out by the returning urine flow. The extraction per- 
centage of diodrast and inulin from plasma decreased 
significantly during renal arter3f-nerve stimulation and 
followed the direct renal blood flow. Under the con- 
ditions of the experiment and with the tjqie of stimu- 
lation used the intra-arterial injection of trypan blue 
showed diffuse renal ischemia with patchy, pyramidal 
areas of injection without a preponderance of dj-^e in the 
juxta-medullary areas. 

Changes in visual searching performance follomng cere- 
bral lesions. Hans-Lukas Teuber*, William: S. 
Battersby* and Morris B. Bender. Psychophysi- 
ological Lab., Dept, of Neurology, New York Univ. 
College of Medicine, New York City. 

Disturbances in visual searching behavior after 
cerebral lesions have been observed in man and in the 
experimental monkey. The following investigation was 
undertaken to establish whether disturbances in visual 
searching in man are necessarily associated with visual 
field defect or motor disturbance due to cerebral lesions. 
The subjects were 12 brain injured children, 14 brain 
injured adults and 26 normal controls (matched for 
age). SLx test fields were constructed consisting each of 


48 test patterns (capital letters, geometric figures) 
distributed irregularly over a square surface. Each test 
field was projected on a rear-projection screen so that 
it subtended 60 by 60 degrees. In the center of the 
screen duplicates of one of the 48 test figures were pro- 
jected, one at a time. In 48 timed trials (8 for each field), 
the subject had to find as quickly as possible that 
figure in the periphery which was identical with the 
figure shown in the center. Results show significantly 
prolonged searching times in the entire field. This 
occurred in 10 of the 12 brain injured children, and in 
8 of the 14 brain injured adults. Among these, 7 chil- 
dren and 4 adults showed searcliing performances 
which were asj-mmctric, i.e. particularly slow in homon- 
ymous half fields or quadrants. Slowing in searching 
performance may occur in the absence of either peri- 
metric field defects or cerebral motor disturbances, 
or both. 

Opacity and dimensional changes in stimulated crayfish 
nenc. Juli.\n M. Tobias ,\nd Sidney Solomon. 
Dept, of Physiolog>", Univ. of Chicago, Chicago, III. 
A structural moiety which, it would seem, must 
coc.xist with chemical and electrical events to make up 
the phenomenon of c.xciLation has been sought for in 
polarized crayfish nerve. Crayfish ncr\'e has been used 
because it contains relatively little myelin. Polarizing 
currents have been used because otherwise fleeting 
events might be accumulated thereby. Using currents 
of 0.2-500 microamperes one can produce an increase 
in opacity and shrinkage of the neri'e anodall}' with an 
increase in transparency and swelling catliodally. This 
change is detectable by ej'e and easily quantified 
with a photometer. The phenomenon can also be 
produced by rectified tetanizing stimulation and there- 
fore must outlast the current producing it. The change 
is reversible, spontaneouslj' and slowly on simply 
interrupting tlie current, more rapidly upon reversal of 
the current. Boiling or soaking tlie nerve in chloroform 
make the cliange unobtainable. Soaking in 0.2 iT" KCl 
does not prevent it but soaking in 0.16 M" CaCls 
does. The phenomenon involves the axon per se. It is 
not due to some change in intercellular material tliough 
this maj' participate. It is suggested that the under- 
lying mechanism may consist of anodal agglomeration 
of colloid with dehydration and cathodal solution ivith 
lydration. Water may be moved electroendosmotically 
along the long axis of the nerve toward the cathode. 

Effect of convidsant and anticonvulsant agents on activity 
of oxalacetic carboxylase. Clara Torda and Harold 
G. Wolfe. New York Hospital, Ringsbridge Hospi- 
tal (V.A.), and the Depts. of Medicine and Psychia- 
try, Cornell Univ. Med. College, New York City. 
The concentration of carbon dioxide (and therefore 
bicarbonates) available for metabolic processes in the 
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brain may be an essential factor in tbe induction and 
prevention of convulsive seizures according to Lennox 
and collaborators. The transportation of inorganic 
bicarbonates and the processes of carbon dioxide fixa- 
tion are important mechanisms for the regulation of the 
concentration of carbon dioxide in the tissues. Results 
obtained through investigation of inorganic bicarbonate 
transportation activated by carbonic anhydrase suggest 
an accumulation of the bicarbonates in the presence of 
convulsant agents, and a decrease of concentration of 
tissue bicarbonates in the presence of anticonvulsant 
agents. In the following, the effect of certain convul- 
sant and anticonvulsant agents on the activity of ox- 
ala cetic carboxylase was -investigated to ascertain 
whether these agents exert any effect on carbon di- 
oxide fixation by dicarboxylic acids. The activity of 
oxalacetic carboxylase -was inhibited in the presence 
of the convulsant agents used (acetylcholine, caffe- 
ine, camphor, cocaine, dichlorodiphenyltrichloroethane, 
methylsalicylate, pentamethylene tetrazol, picrotoxin, 
scilliroside, and strychnine) in concentrations of i X 
10-3 M and less, the greatest inhibition averaging 75%. 
The activity of oxalacetic carboxylase was somewhat 
increased in the presence of the anticonvulsant agents 
used (hydantoin, methylphenyl-ethyl hydantoin, 
phenylhydantoinate sodium, and phenobarbital), the 
greatest increase of activity averaging 30%. The ac- 
tivity of oxalacetic carboxylase was not modified by 
tridione and some other agents that do not induce 
or prevent convulsive seizures. These results suggest 
a further accumulation of bicarbonates in the tissues 
in the presence of convulsant agents due to inhibition 
of at least one essential process of carbon dioxide fix- 
ation. 

Effect of some enzyme poisons on in vitro respiration of 
brains of rats of various ages. David B. Tyler. Dept, 
of Embryology, Carnegie Institution of Washington, 
Baltimore, Md. 

The O2 uptake of excised brain tissue in response to 
NaN^ (3.0 to 500 X 10“^ m) and to 2,4-dinitrophenol 
(o.i to 100 X io“® m) has been investigated. Using 
Ringer-prepared homogenates it is found that the brain 
of the newborn is more sensitive to the inhibitory 
effects of azide in all concentrations studied than that 
of the adult. With chopped brain the optimum con- 
centration of dinitrophenol (DNP) producing augmen- 
tation is lower for the newborn than for the adult; 
however, in the newborn higher concentrations of DNP 
are required to produce first evidence of inhibition of 
respiration. In attempts to localize these actions of 
DNP, experiments were made using differently pre- 
pared homogenates and employing different substrates. 
When brains were homogenized in distilled water for 
5 minutes and the concentration was then adjusted to 
that of Ringer glucose phosphate (RGP) or reinforced 


with various coenzymes, carriers and transport mecha- 
nisms, the response to various concentrations of DNP 
was only inhibition. Reducing the time to one minute 
resulted in a slight response to the augmenting con- 
centrations. On the other hand, homogenates prepared 
in RGP or in isotonic media that preserved nuclear 
structure responded to the various concentrations of 
DNP as did chopped brain. Microscopic examination 
of those homogenates that were only inhibited by DNP 
revealed no, or only very few, normal appearing nuclei, 
and the results indicate a relationship between the 
number of such nuclei and the response to the augment- 
ing effect of DNP. Using Ringer-homogenized adult 
brain, augmentation of from 80 to 150% was produced 
by DNP (5.0 X 10“ ® m) with either glucose, lactate or 
pyruvate as the substrate, the latter freshly prepared 
as the Na salt from doubly distilled acid and slowly 
neutralized in the cold. With substrates such as citrate, 
fumarate, malate or succinate only inhibition in varying 
degrees occurred. Inhibition of respiration by 5.0 X 
io“® M DNP was found when hexose diphosphate 
(2 exper.) or the Cori ester (i exper.) were used as 
substrates. Such concentrations of DNP increase the 
O2 uptake with glucose over 150%. 

Effect of ambient air temperatures on temperatures in 
respiratory tract. Edwin G. Vail* and Fred A. 
Hitchcock. Laboratory of Aviation Physiology and 
Medicine, Ohio State Univ. Columbus, Ohio. 
Previously reported experiments on dogs show that 
a temperature gradient exists in the respiratory tract. 
When the ambient air temperature is 2S°C. the average 
temperatures are as follows: trachea during inspiration, 
3S.7°C.; trachea during expiration, 36.9°C.; and bron- 
chioles, 37.5°C. The rectal temperature is slightly higher 
than the deep lung temperature. Similar experiments 
have been carried out in which anesthetized animals 
have been exposed for 30 minutes to ambient air tem- 
peratures of —3 to — i6°C. Average values obtained 
in 12 experiments in which tracheal and deep lung 
temperatures were measured, show that the tempera- 
ture of inspired air was decreased 6.1°, of expired air 
4.9°, and the temperature of the deep lungs 3.6°C. In 
two experiments the exposure to cold caused a drop of 
3.4° in rectal temperature and of 2.6° in deep tracheal 
temperature. In 3 experiments in which the animals 
breathed through an endo-tracheal tube the drops in 
temperature resulting from exposure to cold were: in- 
spired air, 7.6°, expired air 6.2°, and in the deep lungs, 
3.3°. After removal of the endo-tracheal tube the tem- 
perature decreases were: inspired air, 2.9°, expired air, 
2.7° and deep lungs, i.6°C. In all experiments at the 
termination of 30 minutes cold exposure, the animals 
were decompressed to a terminal pressure of 68 mm. 
Hg in 8 seconds. After the decompression, effective 
respiration stopped and the tracheal temperatures rose 
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slightly in 8 of Uie 12 experiments. No significant change 
in the temperature of the deep lung occurred. 

Ejjccts of hypothermia on the potentiation induced by 
tetanus and treppe in rat muscle. Sheppard M. 
Walker. Dept, of Physiologj", Washington Univ. 
School of Medicine, St. Louis, Mo. 

The potentiation of tension in response II of 2 
twitches summated, which occurs in normal muscle, is 
absent in hypothermic muscle (Federation Proc. S: 161, 
1949). The view, that remaining internal forces of 
response I account for the enhancement of tension in 
response 11 of two twitches summated, was tested by 
application of quick stretch during isolated twitch 
responses of the rat triceps surac in situ. Doubt was 
thrown upon this view by the findings in normal muscle 
that quick stretch and ordinary lengthening produce 
similar effects on twitch tension. The extensibility of 
the muscle increased during contraction to a maximum 
at the peak of the twitch and decreased during tlie 
falling phase to the value existing before the twitch. 
Normal and hj^pothermic muscles were then examined 
for potentiation of twitch response by procedures de- 
signed to eliminate or minimize differences in the 
mechanical state of the muscles. Neither tetanus nor 
treppe produced such potentiation in hypothermic 
muscle, although both induced marked enhancement 
in the same muscle before cooling. These findings sug- 
gest that the potentiation of tension in the second of 
two twitches summated is due, at least in part, to chem- 
ical changes occurring during the first. 

Rate of exchange of potassium in plasma, liver and muscle 
after intravenous tracer. W. Gordon Walker* and 
Walter S. Wilde. Dept, of Phj'siology, Tulane 
Univ., New Orleans, La. 

We analyze whether exchange of potassium in plasma, 
liver and muscle is represented by equations describing 
exchange between simple homogeneous compartments. 
K-42 as KCl free of Na-24 is injected in 7 seconds into 
the ear vein of nembutalized rabbits. The transcapillary 
phase of the concentration-time curve for plasma is so 
rapid that points are not obtained. For the first 50 
minutes the best fit is a* = 0.946"® ' ‘ 0.14, + where 
0* is counts/ml. plasma/counts injected/gm. body 
weight. The concentration at zero time, 0*0 = i.oS, of 
the apparent volume of tracer undergoing biologic 
decay, implies an early distribution, not in plasma, but 
in total body water. However, the concentration is not 
found by direct measurement, even in the large bulk of 
muscle water at any early time. Thus while we cannot 
localize any discreet mass of potassium as undergoing 
exchange, we can say that its turnover is o. 94 X 
o.i/i.oS = 0.087/minute and is evidently an exchange 


into tissue elements. Fcnn, Noonan, Mullings and 
Hacge report rapid entry of K* into liver with specific 
activity reaching and remaining above plasma for long 
periods. We note late continuing gain in calculated spe- 
cific activity while plasma is falling. This is impossible 
for a single mixed pool no matter how fast tlie liver 
ingests K* during early plasma enrichment. There must 
be multiple pools po-ssibly including accumulation in 
one-way channels, as bile capillaries. After a peak, liver 
K* falls coincident witli an elevation in plasma at 50 
minutes. K* accumulates slowly and steadily in muscle. 
Liver and muscle turnover rates arc about 0.05 and 
0.001 per minute. 

Use of spring-lever and strain gauge equipment in deter- 
mining contractile force of heart mtrscle in open-chest 
and closed-chest mammalian experiments (Demon- 
stration). R. P. Walton, 0 . J. Brodie, J. S. Leary, 
M. deV. Gotten and P. C. G/\zes (introduced by 
T. G. Berntiial). Dept, of Pharmacolog)’, Medical 
College of South Carolina, Charleston. 

The Cushny myocardiograph levers typically at- 
tached to the right ventricle in open-chest mammalian 
preparations have been modified by the addition of 
coiled metal springs operating against the thrust of Uie 
levers. The spring tension neccssarj’ to bring the levers 
to stand-still isexpressed in gramsand taken asa measure 
of the isometric systolic tension ( 1 ST). In order to esti- 
mate the influence c.xcrtcd by various circulatorx’ fac- 
tors on these measurements, a scries of e.xpcriments 
have been carried out in which these various factors 
liave been found to vary in degrees which quantitatively 
arc slight to moderate in terms of the marked changes 
produced by drugs. Experiments include the effects of 
size changes, occlusion of great vessels, massive saline 
infusions, hemorrhage, rate changes and coronary occlu- 
sion. General agreement with the Starling principle is 
obtained by mechanical stretching of the muscle seg- 
ment to appro.ximatcly twice its length, which increases 
contractile force to levels several times greater than in 
the control periods. Experiments witli saline infusions 
and with hemorrhage also appear to demonstrate the 
classic principle but are less consistent. Various groups 
qf drugs have been characterized in terms of 1 ST 
changes; these include the digitaloids, sympathomi- 
metic amines, veratrine alkaloids, dicumarol and di- 
nitrophenol. The procedure of measurement has been 
further modified by the substitution of strain gauge 
equipment for tlie coiled metal springs. Various adapta- 
tions of the strain gauge principle have been used, some 
of which, because of greater compactness, are suitable 
for use in chronic, mammalian e.xpcriments. In some 
experiments, typical measurements have been made for 
periods up to 3 weeks postoperatively. 
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Projection of vestibnlar nerve to cerebral cortex of the cat. 
Edward M. Walzl and Vernon Mountcastle. 
Depts. of Otologj' and Physiology, Johns Hopkins 
Univ. School of Medicine, Baltimore, Md. 

The projection of vestibular sensation to tlie cerebral 
cortex has been investigated by an application of the 
evoked potential technique. Peripheral excitation was 
accomplished by either of two methods: i) brief me- 
chanical stimuli were delivered through minute fenestra- 
tions to tlie vestibular end organs or 2) the vestibular 
nerve, exposed distal to its juncture with the cochlear 
nerve by raicrodissection, was stimulated electrically. 
Such stimuli evoke initially positive, nearly monophasic 
potential changes in a small, sharplj' circumscribed area 
of the cerebral cortex of the cat. The projection to the 
cortex is principally contralateral, but stimulation of 
the ipsilateral nerve activates a part of the same region. 
We have not demonstrated the specific localization in 
the cerebral cortex of particular end organs. The area 
lies above and anterior to the anterior descending limb 
of the suprasylvian sulcus and includes the cortex of its 
anterior bank. It borders the auditory areas posteriorly, 
the first somatic area anteriorly, and the second somatic 
area ventrally. Vestibular stimulation evokes no po- 
tential changes in other regions of the lateral surface 
of the hemisphere. The potentials evoked by electrical 
stimulation of the vestibular nerve have a latency of 
6-8 msec, duration. They are most readily observed 
under ver\' light barbiturate narcosis, and disappear 
with deepening anesthesia at levels permitting the 
activation of visual, auditory, or tactile regions of the 
cortex by appropriate physiological stimuli. 

Micro-cine photographic demonstration of bubbles in frogs 
rapidly decompressed from a range of 7 to jo atmos- 
pheres to grotnid level. Louise Warner and Albert 
R. Beiinke (introduced by Melvin H. Knisely). 
National Naval Medical Center, Naval Medical 
Research Institute, Bethesda, Md., and Dept, of 
Anatomy, Medical College of South Carolina, 
Charleston. 

It has been known for many years that men and 
animals rapidly decompressed from pressures experi- 
enced by divers a) develop the syndrome known as 
divers’ bends and b) develop bubbles in their bodies. 
It has not been knorni whether all or most bubbles were 
inside vessels or in tissue spaces and extravascular 
fluid, nor precisely how the presence of bubbles in- 
itiates the signs and sjmptoms of bends. In 50 frogs 
and 20 guinea pigs decompressed from pressures of 7 to 
10 atmospheres to ground level in 60 seconds or less, 
the tissues were transilluminated with fused quartz 
rods, and studied with microscopes; great numbers 
of bubbles were found passing through vessels of 1-2 


mm. in diameter and embolizlng much smaller vessels. 
Relatively few bubbles have been found outside vessels 
in tissues. The chambers of the heart have occasion- 
ally been filled with a bubbly froth which the con- 
tracting heart did not push forward. Currently it seems 
probable that major damage is done by the plugging of 
vessels. Studies are continuing witli improving tech- 
niques aimed at learning the condition of pressure and 
rates of decompression which determine and limit the 
rate of bubble formation and the rates of bubble 
reabsorption. 

A technique for visualization of experimental peptic ulcer 
formation in the dog. R. N. Watman and E. S. Nas- 
SET. Dept, of Physiology and Vital Economics, Univ. 
of Rochester School of Medicine and Dentistr}', 
Rochester, N. Y. 

The Mann-Williamson dog, although classic in peptic 
ulcer studies, has certain inherent disadvantages, 
namely, j) difficulty in maintaining a good nutritive 
state; 2) unfeasibility of determining accurately the 
time of occurrence and course of the ulcer except by 
repeated laparotomy; and 3) the lesion differs from 
human stoma ulcer because of deviation of tlie duodenal 
contents from the upper intestine. A method is pre- 
sented based on anastomosis of gastric pouches to 
selected intestinal loops combined with a MaydI-type 
enterostomy which has the following advantages: i) 
consistent production of peptic ulceration in the 
selected ones; 2) maintenance of excellent nutrition; 3) 
the ulcer area can be isolated from the intestinal stream 
to a greater or lesser degree at will; f) the causative 
agent is uncontaminated gastric juice from a pre- 
selected gastric pouch of any desired size, type and 
location; 5) the lesion is easily visualized using a 
standard infant-size proctoscope. The method was 
applied to three dogs using Thomas type fundic 
pouches. It was successful in all cases. The pathology 
simulated human subacute and chronic peptic ulcera- 
tion with fibrous proliferation. 

Factors affecting the time of appearance and course 
of the ulcer are: j) size, location and tjqie of gastric 
pouch; 2) level of intestine selected; 3) size of tlie 
stoma of the pouch-intestine anastomosis; 4) distance 
from the pouch-intestine anastomosis to the entero- 
anastomosis; 5) distance from external intestinal button 
to the pouch-intestine anastomosis. 

A method for estimating the uptake of jy cellular 
tissues of the body in man: The effect of insulin. 
Richard L. Wechsler, Hilda Klotz, and 
Seyjiour S. Kety. Dept, of Physiology and Phar- 
macology, Univ. of Pennsylvania Graduate School 
of Medicine, and Diabetic Coma Project, Philadel- 
phia General Hospital. 
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Because of the importance of phosphorylating mech- 
anisms in carbohydrate metabolism and therefore 
diabetes, it was considered of interest to develop a 
method for measuring tlie uptake of P® by the cellular 
tissues of tlie body in man. The problem could be 
solved by injecting, along with P“, a substance which 
would distribute itself in the extracellular regions and 
have negligible uptake by the cellular regions of the 
body. Thiocyanate ion is convenient and has been used 
extensively as a measure of extracellular fluid volume. 
The difference between tlie plasma disappearance curves 
of the two substances (SCN~ and P“) was considered an 
approximation to the uptake of P” by body cells. Con- 
trol studies were carried out on 6 male schizophrenics 
with no known organic disease. As a means of testing 
the method, 5 of the control patients were given various 
doses of insulin. The method showed Uiat in every' case 
insulin increased the cellular uptake of P- at each time 
interval. The mean cellular uptake, expressed as per- 
centage of injected tagged phosphate, was before in- 
sulin 33.7, 50.2, 58.8, and 68.4% at 30, 60, 90, and 180 
minutes respectively. After insulin, corresponding re- 
sults were 47.8, 75.5, 84.9, 89.9%. These increases were 
all statistically significant. This metliod could be applied 
to any ion, indeed to any injected substance whose 
identity could be maintained in the blood stream. 

Research applications of thermistors. Eru'in K. Weise 

.4ND Tetje W. Robinson. Univ. of Illinois, Urbana, 

and Yellow Springs, Ohio. 

In measuring techniques thermistors are coming more 
and more into general use. Their unique features open 
new possibilities for quicker, simpler and more sensitive 
electrical measurements. Those who wish to use 
thermistors in their research work may' not be familiar 
either wth the limitations or the advantages of thermis- 
tors. The experiments demonstrate one of tlie major 
features of the thermistors; namely the very high sensi- 
tivity of an electrically heated thermistor to variations 
of cooling by a streaming gas. A tliermistor assembled 
in the air stream moving in and out of the mouthpiece 
of a breathing mask can record the breathing cycle in 
detail by variations of the current flowing through the 
thermistor if a constant voltage is applied. A hot wire 
requires a more sensitive bridge circuit than does the 
thermistor. This is demonstrated. A glass tube which is 
sealed by a finger placed in one end and which has the 
other end connected unth a capillary (a thermistor is 
assembled in the axis) can convert the volume oscilla- 
tions of the finger due to the blood pulse wave into 
variations of the air stream cooling the thermistor. By 
this means the pulse wave of the peripheral circulation 
can be picked up. If the glass tube is interchanged with 
a little funnel which is placed on the carotid sinus or 
artery the beat of the heart can be readily recorded. 


The successive steps in production of tliermistor threads 
of a diameter of about 9011 is demonstrated by samples. 

Influence of induced hypo- and hyperthyroidism on vita- 
inin E requirement of chicks. Robert S. Wheeler 
AND Jesse D. Perkinson, Jr. Poultry Dept., Univ. 
of Georgia, Augusta, and Oak Ridge Institute of 
Nuclear Studies, Oak Ridge, Tcnn. 

One hundred two, one-day-old White Leghorn male 
chicks were fed an E deficient diet and an equal number 
were fed the same diet with adequate vitamin E. 
Thirty-four chicks from each group were made hyper- 
thyroid and 34 were made hypothyroid. The total mor- 
tality from E deficiency was highest in the hyperthyroid 
animals, intermediate in the euthyroid, and lowest in 
the hypothyroid. The mean age at death was 15, 20 
and 28 days respectively. Forty-eight % of the hv-per- 
thyroid chicks were dead before any of the other am‘- 
mals showed deficiency symptoms and 35% of the 
euthyroid chicks were dead by the lime any of the 
IiiTiothyroid chicks died. 

Variability of effects of j^roivtli hormone preparations on 
renal functions. H. L. White, Peter Heinbecker 
AND Doris Rolf*. Depts. of Pln-siology and Surgery', 
Washington Univ. School of Medicine, St. Louis, Mo. 
We have reported (Am. J. Physiol. 157: 47, i949) 
great increases in P^VH and inulin clearances in normal 
and hypophyscctomizcd dogs on growth hormone ad- 
ministration. Our material, prepared by the Wilhelmi- 
Fishman-Russell procedure, has been generously sup- 
plied by Armour’s Research Laboratories. A second 
(Armour 3PKS3R) and a third (Armour H1902) prep- 
aration have had no effect on these clearances or on 
o.xygen consumption in normal dogs, while producing 
large increases in clearances and in oxj’gen consump- 
tion in hypophyscctomizcd dogs, with no increase in 
cardiac output. The difference between the active and 
inactive (on normal dogs) preparations is presumably 
not due to a higher thyrotrophin contamination of the 
active preparation (Armour 3PKR3), since its thj'ro- 
trophin assay is essentially the same as H1902, and 0.5 
mg/kg/day' of 3PKR3 was effective in normal dogs, 
while up to 1.4 mg/kg/day of H1902 was ineffective. 
Electrophoretic studies of the various preparations, 
carried out at Armour’s Research Laboratories, have 
not enabled a prediction as to what prepararion will 
be active. The hypophj'sectomized dog is more sensi- 
tive to the unidentified active principle than is the 
normal. 

Mechanism of reduction of acid by normal human duo- 
denum. C. M. WiLHELMj, Adolph Sachs*, Ben 
Slutzkv*, ^\nd Anthony Barak*. Depts. of Physi- 
ology and Medicine, Creighton Univ. School of 
Medicine, Omaha, Nebr. 
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- A triple lumen, double balloon tube was used. The 
duodenum was blocked just below the pyloric sphincter 
and at a point approximately ro inches below this. An 
hydrochloric acid solution (approximately 0.117 nor- 
mal) containing phenol red was instilled into the duo- 
denum between the balloons. Routine!}' 100 cc. of acid 
was left in for 5 minutes, then withdrawn and another 
100 cc. introduced until S to 7 samples were obtained. 
The percentage of phenol red, total chloride, neutral 
chloride and volume w'ere determined in each sample. 
In most instances more than 50% of the reduction in 
acidity was due to dilution, tire remainder to neutral- 
ization. The mean composition of the mixed duodenal 
secretions in 100 samples from 4 normal subjects was: 
364 mg. chloride per cent; normality 0.089; total acid 
reducing power (dilution plus neutralization) expressed 
as normality, 0.212. The average amount of secretion 
per 100 cc. of sample was 45 cc. In some experiments 
the normality of the secretions decreased as the experi- 
ment continued, in others it remained practically con- 
stant; the amount of secretion usually increased. The 
maximal reduction in acidity occurred in 5 minutes and 
tliere was only a small additional decrease in ro minutes. 
In 2 minutes the reduction was only approximately 
one half that of the s-minute period. Nausea without 
vomiting lowered the acid reducing capacity of the 
duodenum. 

Nature of peripheral resistance. Arnold H. Williams* 
AND Henry A. Schroeder. Hypertension Division, 
Dept, of Internal Medicine, WasWngton Univ. Scliool 
of Medicine, St. Louis, Mo. 

The nature and distribution of peripheral resistance 
in both normal and h}'pertensive man is an important 
subject. It is necessary to establish the relative contri- 
bution of each of the various regional resistances to 
blood pressure in order to evaluate peripheral resist- 
ance as a whole. This is a preliminary report of the 
method used and of the role of the resistance of the 
limbs in normotensive and hypertensive subjects. Pres- 
sure cuffs were inflated rapidly and simultaneously 
about both thighs and the left arm (which approjdmates 
one-sixth of the circulation) to stimulate maximal 
vasoconstriction of these extremities while blood pres- 
sure was measured directly in the right brachial artery 
and cardiac output witli a ballistocardiograph. The 
psychic element was evaluated by venous occlusion. 
Suprasystolic compression elevated the pressure of nor- 
motensives about 5% and of hypertensives about 7%. 
Venous occlusion produced about the same change. 
Considerably greater increases of pressure would have 
resulted if total peripheral resistance had not decreased 
by 12% in the normotensive and 36% in the hyperten- 
sive groups. The observed 5% decrease of cardiac out- 
put- did not account for the difference. Thus the limbs 


play a relatively minor role in the maintenance of 
blood pressure as their maximal vasoconstriction results 
in little change of pressure. 

A single-scale absolute reading ear oximeter (Demonstra- 
tion). Earl H. Wood, (with the technical assistance 
of Lucille Cronin), Mayo Foundation, Univ. of 
Minnesota, Rochester. 

Two modified oximeter earpieces were calibrated on 
the basis of their responses on empirical optical filters 
witli the use of the single-scale circuit described by 
Wood and Geraci (/. Lab. & Clin. Med. 34: 387, 1949). 
Earpiece i was used to determine the oxygen saturation 
of arterial blood in 33 ears of 18 normal subjects. Thir- 
teen were white and 5 were Negroes. Ages ranged from 2 
to 50 years. The average saturation obtained when the 
subjects were breathing air was 96.7 ± 0.3 (93-101)% 
and 99.4 ± 0.4 (94-106)% when tliey were breathing 
oxygen. Earpiece 2 was used on 24 ears of 17 normal 
subjects. Twelve were white, 2 were Chinese and 3 
were Negroes. The average saturation of arterial blood 
was 96.7 ± 0.3 (94-100) and 99.7 ± 0.5 (96-104)% 
when the subjects were breathing air and oxygen, 
respectively. Eighteen simultaneous Van Slyke and oxi- 
metric determinations of oxygen saturation of arterial 
blood were made concerning 6 patients with congenital 
heart disease during supine rest, breathing air or oxy- 
gen, standmg and walking. The percentage of oxygen 
saturation of arterial blood by Van Slyke analysis of 
radial artery blood averaged 85 and ranged from 39 to 
roo. The standard deviation of the differences between 
simultaneous Van Slyke and ear orimeter determina- 
tions in these hypoxemic patients was 4%. The instru- 
ment can be operated by alternating current or battery, 
is compact, relatively inexpensive, simple to operate 
and apparently is accurate enough to warrant its use 
for most clinical estimations of oxygen saturation of 
arterial blood. 

A comparison oj oximetric measurements on histaminized 
and heat-flushed ears. Earl H. Wood, Julian R. B. 
Knutson and Bowen E. Taylor. Mayo Founda- 
tion, Univ. of Miimesota, Rochester. 

Arterial saturation was recorded simultaneously from 
both ears of 12 subjects as the mixture breathed was 
changed from air to 40% O2, from 40 to 99.6% O2, from 
air to 99.6% O2 and during rapid intravenous injection 
of methylene blue (r mg/kg.). One of the ears was 
flushed by the heat of the earpiece alone, while the other 
ear was previously subjected to histamine iontophoresis 
at 4 milliamperes for 1.5 minutes each on the dorsal 
and ventral skin surfaces of the pinna. The optical 
density of blood in the heat-flushed ear (log [IRo/IRb]) 
averaged 0.12, 0.14 and 0.17 d= o.oi after the earpiece 
had been on the ear approximately i, 10 and 60 min- 
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utes, respectively. Equivalent values for histaminized 
ears were 0.25, 0.26 and 0.28 ± 0.02. The average indi- 
cated oxygen saturations of blood in tlie ears at these 
times were 96.3 ± 0.8, 97.7 ± 0.3 and 98.6 ± 0.6% for 
the heat-flushed cars and 96.4 rt 0.4, 96.8 ± 0.3 and 

97.2 ± 0.5 for the histamine-flushed ears, respectively. 
Average arterial saturations obtained when the sub- 
jects were breathing air, 40% 0* and 99.6% 0- were 
98.5 ± 0.2, 100.3 ± 0'3 and 100.8 ± 0.2, rcspcctivel}’’, 
for the heat-flushed car and 97.3 rt 0.2, 98.7 db 0.3 and 

99.2 ± 0.2 for tire histamine-flushed ear. The lung-to- 
ear circulation time after inspiration of o-xj'gcn was 4.7 
db 0.3 and 5.0 db 0.4 second, and the arterial equilibra- 
tion time 55 db 5 and 6r db 8 seconds at the two cars. 
After injection of mcthj'lenc blue the decrease in tr.ans- 
mission of red light by the car (arm-to-car circulation 
time) began at 13.4 d= i and 13.5 ifc r second, while the 
maximal decrease occurred at 26.8 ±1.8 and 26.4 ± 
1.9 seconds at the heat-flushed and histamine-flushed 
ears, respectively. Apparently, the additional flushing 
of the ear produced by histamine iontophoresis docs 
not materially affect the accuracy of car oximetry. 

Mooi pressure of normal dogs observed over a twelve-month 
period. John A. Zapp, Jr. (introduced by D. B. Dinn). 


Haskell Laboratory of Industrial Toxicology, E. I. 
du Pont de Nemours and Company, Wilmington, 
Del. 

The blood pressure of dogs was measured indirectly 
by means of a pediatric size cuff applied to the upper 
part of the hind leg, a mercury sphygmomanometer, 
and a stethoscope for auscultation over the saphenous 
artery. Six adult male dogs were used for a study of the 
variability in blood pressure over an extended period. 
S3^tolic and diastolic pressures were measured twice 
dail3% 5 days a week for a period of 14 months. The first 
2 months were considered to be a training period and the 
last 12 months were used for the study in variability. 
At the end of the study the means of 4 consecutive 
readings were plotted as (juality control charts with 
limit lines at plus and minus 3 standard errors of the 
mean (estimated from the average range of the groups 
of four). Three of the 6 dogs were handled by the same 
technician over the entire period. A change of tech- 
nicians was made during the observation period of the 
other 3 dogs. The results indicate that there is some- 
times a fall in blood pressure during the training period. 
There was no indication of seasonal trends, but other 
trends were obseivcd in some dogs. 
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